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Electron I’aramagnetic Resonance (EPR) stiidies of 
transition metal ions have upsually been carried out by 
doping them as impurity in non-magnetic (i.e. diamagnetic) 
hosts. Similar studies can, in principle, be carried out 
by incorporating the paramagnetic ions in paramagnetic 
hosts, but these studies have been hindered by the broaden- 
ing of impurit'/ resonance D.ines due to the host— impurity 
interaction. However, if sharp spectra are observable, 
these studies should provide same information as obtained 
by doping impurity ions in diamagnetic hosts and in addition 
should al' 0 contain information on magnetic interactions 
themselves and on the host ion properties. Therefore a 
comparison of tno BPR results of a paramagnetic ion doped 
in isomorphous dia- and paramagnetic single crysts.ls would 
single out the features arising due to these interac tions. 
vath this in mind EPR studies of Mn^"^ doped in the paramag- 
netic single crystals (crystals of Nickel, Cobalt and Ferrous 
salts) have been undertaken. This thesis describes the EPR 
studios of Kn^"^ in single crystals of Tetrahydrate acetates 
of Go, Hi and Mg, (ivKCH^COO ) 2.4H2O) •, Potassium Tutton salts 
of Go, Fe, Zn and Mg, (MK 2 ( ) 2* ^ ’ Ammonium Nickel 

telenate Hoxahydrate, ( ) 2* ^^2^ ^ 
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sulphates of Co and Zn, (M'70^ . 7112*^ ) Hexaquonitrates of 

i\ii and Mgj (M( 01 i 2 )g . ( ) 2 ) . 

Chapter I descrihes , in brief, a general introduction 
to the subject of nPR in solids, particularly in single 
crystals. This is followed by a brief introduction to the 
magnetic interactions botwoon impurity and host paramagne- 
tic ions, Yi 2 i. dipolar and exchange interactions. 

Chapter II, dealing with theory, has been divided 

into three sections. Section A deals with the brief theory 

of EPR, the crystal field effects and the spin-Uamiltonian 

formalism. The discussion is restricted to tho iron group 

2+ 

transition metal ions in general, and to Mn ion in parti- 
cular. Also described, in brief, are the various physical 

processes (mechanisms) responsible for the zero-field split tin 
2+ 

of ihn , a C-state ion. Section B presents the spin-Hamilto 

2+ 

nian analysis of Mn 13PR spectra. Section C deals with 
the theory of the hPR of paramagnetic impurity ions in 
paramagnetic hosts to elucidate when the sharp spectra are 
attainable and how to extract the additional information, 
relayed by the magnetic interactions, from the observed 
spectra. 

Chapter III, on experimental, deals with a brief 
description of tho experimental set up used in the studies - 
Varian Y-450 2 X-band BPP sp'^c trometer fitted with ¥-4740 
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variable temperature accessory, a crystal rotating device 
and a quartz dewar used for the studies at liquid nitrogen 
tfcinperature . Thu growing of single crystals from aqueous 
solution is also discussed. 

2+ 

Chapter IV presents a comparative BIE. study of Mn 
in a family of isomorphous dia- and paramagnetic single 
crystals, vi'-''. Tetrahydrate acetates of Go, Bi and Mg ( abbi'e- 
viated as CoAc , FiAc and MgAc, ro spec tive 137' ) • This study 
gives information regarding the magnetic interactions between’ 
the impurity and host ions through their effect on EPE 

04. p 4 - 

spectra of Mn ions. Mn is found to substitute for the 

divalent metal ions and exhibits two magnetically inequivalcnt 

complexes corresponding to the bimolccular unit cell of the 

three crystals. The observed additional features in the BPR 

of Mn^"^ in Go Ac and KiAc from those in MgAc are attributed 

to the magnetic interactions betweun Mn and the respective 

host paramaijnetic ions. In both GoAc and Nile we observe a 

shift in the g,. -value caused probably by the local static 

0 + 

magnetic field at Mn sit-'S created by the host paramagnetic 

2+ 

ions. The observation of sharp BPR spectra of Mn in NiAc 

and Cole has been discussed in terms of spin-quenching and 

host spin-lattice relaxation nax'rowing, respectively. The 

2-f 

linewidths of Mn in MiAc show anisotropy and field dependence 
which are explained in terms of spin-quenching ideas. In Gofc , 
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p 1 

however, the Mn linewi(?ths increa-se as one goes from outer 

fine structure groups to the central group which may he due 

2+ 

to unequal influence of exchange interaction between Go 
and Mn^'*' upon various A M = + 1 transitions of Mn^"^. Further 
the linswidths of in OoAc increase very rapidly with 

decreasing temperature, which is actually an indication 
that host spin-lattice relaxation narrowing is operative. 

In the end the use of impurity probe to measure extremely fast 
at high temperature 300K) is illustrated by estimating 
of Go*^ in CoAc from the observed Mn linewidths in GoAc. 

2+ 

Ghapter Y describes EPR investigations of Mn doped 

in isomorphous para— and diamagnetic crystals of MK 2 ( ’->0^ ) 2 * ^^^2^ 

2 + 

'Ihtton salts, where M = Co, Fe, Mg and Zn. Here again Mn 

pi 

is found to substitute for M exhibiting two magnetically 
inequivalent complexes. The BFE spectra, are analysed using 
a spin-liamiltonian of orthorhombic symmetry. The a.dditional 
features in the KPR of Mn^"^ in Go Tutton salt, compared to 
that in diamagnetic In or Mg salts, are similar' to those 
observed i.n the caso of CoAcjMn^'*' and arc explained in the 

2 + 

same way. Further the- additional features in the EPR of Mn 
in Ferrous Tutton salt, vis. large Mn linewidths, thoir 
unusual variation with fine structure groups, their decrease 
with the lowering of temperature and their field dependence 
at liquid nitrogen temperature, are discussed in terms of 
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2+ 

various mechanisms describing]; the widths of Mn lines in 

l^errous salts. Besides, an interesting observation is 

2+ 

large ' D' value of Mn for Potassium Tutton salts than for 

corresponding Ammonium Tutton salts. This chapter also 

describes the EPH study of Mn^"*" in ( ) ^EiC ) 2* 6^20 Tutton 

2+ 

salt. Besides the common features of Bln spectra in other 

Tutton salts, some additional features, such as g^-shift, 

anisotropic and field dependent linewidths, are observed in 

the EPP of Mn in (hti^ )2Ei(BeO^ )2.6H20. These features are 

2 + 

explained in terms of the magnetic interactions between Bln 
2 + 

and Ni and. spin-quenclrLng ideas. 

In Chapter VI, the results of EPR study of Mn^"^ in 

heptahydratc sulphates of Co and Zn crystals, 0oS0^.7H20 

and Znb0^.7il20 5 are presented. The crystals of GoS0^.7H20 

are monoclinic, while those of ZnE0^.7n20 orthorhombic 

?nd isomorphous to BliS0_^.7H20 and IBgCO^. 7H2O. Tho detailed 

crystal structure- data of C!o30^.7H20 is not available. Our 

studies reveal the presence of two types of crystals obtained 

for GoSO^. 71-120 which are morphologically different and grow 

in two different temperature ranges about the room temperature. 

2+ 

The two types of crystals give different BPR spectra of Mn 

2+ 

The additional features of EPR spectra of Mn , duo to the 

2 '+' 2-f 

magnetic interactions between Co and Bln , are similan to 
those in oth'-r Go salts, discussed in Chapters IV and V. EPIi 
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2 + 

spectra of Mn in ZnSO^.TH^O exhibitod four magnetically 
inequivalent complexes and arc analysed for the best fit 
parameters . 

2 + 

EPR studies of Mn in highly hygroscopic crystals of 
hcxaquonitrates of Pi and Mg are described in Chapter VII. 
Crystal structure studies show that various iron group 
hexaquom^tal nitrates of formula M( 0 i:l 2 ) 5 * )2 

2 - 4 - 

isomorphous. Our EPR studies of Mn in Mg( 0112 ) 2 

end i'ii( 0 j:l 2 )g • ( ^^"*0^ ) 2 aloo r' veal that these ere not isomorphous. 

Mn spectra in iMi(0i-i2)g* (P'O^ )2 show a g~ value shift and 

anisotropic and fii-ld dtpondent line-widths. These features 

are explained in terms of the magnetic interactions between 
2 + 24 " 

Mn and hi ions and spin-que nc'iing ideas. Analysis of 
the hf forbidden transitions of Mn^"^ in Mg( 0i-{2)5 • ( ) 2 
also included in this chapter. 

Two appendices arc included at the end. Appendix A 

contains the literature survey on the EPS. studies of various 

paramagnetic imrurities in paramagnetic hosts. In Appendix B 

expressions are dorivr d for the doublet separations of the 

2+ 

forbidden lif transitions in the EPR of Mn in orthorhombic 
crystalline field, using perturbation theory. 

Eaci'i chapter is written as to be self-contained and 
as sucii repetitions of some statements became unavoidable. 

At the end of each chapter a list of references is given. 
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CHAPTER I 

IITROPUOTIOH 

ABSTRACT 

A brief introduction is given to the subject of 
electron paramagnetic resonance (BPR) in solids, particularly 
in single crystals. Various applications of EPR technique 
are enumerated. A brief description of the magnetic inter- 
actions, viz. dipolar and exchange interactions, is followed 
by a description of the nature of problems studied in the 
present thesis. 
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Many and varied have been the applications of mag- 
netic resonance tecnniques since Zavoisky^ discovered 
electron paramagnetic resonance (BPE.) in condensed matter 
as the first of a group which comprises ME., NQR, ferro and 
antiferromagnetic resonances, cyclotron resonance and other 
techniques such as various kinds of double resonances. EPR 
is the resonance absorption of microwa.ve radiation, usually 
between the ground state energy levels of a system, possess- 
ing permanent magnetic dipoles, under the application of an 
applied static magnetic (Zeeman) field. In principle, 

EPE technique may be applied to investigate any atomic or 
molecular system with unpaired electrons and in practice, it 
has been applied to a large variety of problems. Most 
widely investigated are paramagnetic ions in crystals'^, 

3 

unpaired electrons in semiconductors and organic free 

4 S 

radicals , colour centres and radiation damage centres . 

Essentially all of the information, obtained on radicals 

6 

stabilized in irradiated biomolecules such as nucleic acids° 
7 

ana proteins , have been obtained from EPE spectroscopy. 

EPE may be used to identify radicals, describe their mole- 
cular structure and determine their concentration.^ Also 
this technique is useful in detecting the occurrence of 
free radicals in chemical reactions, where they play an 
important role in reaction-mechanism. EPE has also been 
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successfully tried as a cancer diagnostic tool by detection 

9 

of free radicals in the living tissue. 

EPR is a very powerful tool and is widely used in 
solid state research. The paramagnetic ions in crystals 
have been studied extensively using EPR technique and 
probably lead the field in terms of volume of results. 

EPR has contributed much to the information concerning the 
energy levels lying within few cm ^ from the ground state 
of a paramagnetic system and to the understanding of 
various interactions in solids. The following magnetic 
and structural information can be obtained from the EPR 
data on the compounds containing transition ions, where 
the paramagnetism arises from the electrons in an unfilled 
d or f shell, 

(1) One can determine the energy levels within few cm 
from the ground level of a paramagnetic system. This infor- 
mation is useful while interpreting bulk properties e.g. 
susceptibility and specific heat, specially at very low 
temperatures, when such properties depend only on the energy 
levels within a few cm""^ of the ground level. 

(2) Thou^ the resonance spectrum arises from electronic 
transitions, the information on the nucleus of the paramag- 
netic ion can be obtained if there is a hyperfine structure 
arising from interaction between electrons and nucleus. 
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Por example, the nuclear spin and approximate values of 
the nuclear magnetic dipole and electric quadrupole moments 
can be found. 

(3) The presence of the orbital angular momentum makes 
the net magnetic moment of the paramagnetic ions extremely 
sensitive to their electronic environment. This is because 
the orbital motion is affected directly, unlike the spins 
which may only feel the environment through spin-orbit 
coupling. Thus EPR is able to distinguish the local symme- 
try of an ion* s environment precisely and single crystal 
work allows the identification of complexes with different 
orientations. The nature and strength of the binding 
between a paramagnetic ion and its ligands are also extract- 
able from EPR data as well as simple properties like the 
ion's oxidation state. 

(4) The widths of resonance lines in a well resolved 
spectrum depend on a number of factors including the rate 
at which the microwave energy absorbed by the electron 
spins is transferred into thermal (lattice vibrations) 
energy, i.e. on the spin-lattice relaxation time and the 
magnetic dipolar and exchange interactions between the 
paramagnetic ions. Thus information about these factors 
can be obtained from the observed linewidths in BPR spectra. 
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Ibragam and Pryce^^ formulated the interpretation of 
EPR spectra in. terms of a spin-Hamiltoni an where an effective 
spin is used, which correctly describes the low lying states. 
Inspite of the fact that spin-Hamiltoni an provides a conve- 
nient device for the interpretation of EPR spectra, it dis- 
guises the fact that orbital contributions are involved by 
incorporating them into experimentally determined parameters. 
This has often proved very confusing to those not well 
acquainted with the field, lot of work has been done along 
these lines and the comprehensive treatise of Abragom and 
Bleaney^^ gives an excellent review of the subject. 

All the above mentioned information can be obtained 
only from a well resolved EPR spectrum. The observation of 
EPR in concentrated materials is hindered by broadening of 
resonance lines due to magnetic interactions between paramag- 
netic ions and thus makes them unpopular for EPR studies. 


The main interaction in concentrated magnetic materials 
is the dipolar interaction, usually written as; 



1 ^. 


* 4 * 

. u . 

7 " 


(n..?)(J .?) 




dip 


(I.l) 


where r is the vector joining the magnetic moments and 
Pj. Eq. (I.l) points out clearly that the dipolar interaction 
can be viewed as the energy of the dipole p^^ in the field 
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crested by the other magnetic moment la.. As the distances, 

J 

usually found in the crystals, are of the order of few 
Angstroms {%) , the dipolar field from the nearest neighbours 
comes to be of the order of few hundred gauss. But in the 
case of concentrated materials, the dipolar interaction must 
be summed over the entire lattice due to the poor convergence 
of the sum. This poor convergence is due to the reason that 
volume of crystalline solid increases at the same rate at 
which the dipolar interaction falls off. The net result of 
this summation of dipolar fields will yield a distribution of 
the magnetic field strengths throughout the crystal. The 
different dipoles will then experience different magnetic 
fields and consequentl37- will give different reKSonance condi- 
tions. Owing to this spread in larmor frequencies (i.e. 
resonance condition) a broadening will occur. This is termed 
as inhomogeneous broadening and may give linowidths as large 
as 1000 G. 

Another important interaction is the exchange inter- 
action, which arises from the use of antisymraetrized wave- 
functions as opposed to single product of one electron wave 
functions. When the wave functions of unpaired spins, which 
are not pure but are formed by taking into account the 
covalent bonding of the ion v^ith ligands, are allowed to 
overlap, the combined effects of the coulomb repulsion 
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between the electrons and the antisymmetry of the wave 
functions required by the Pauli exclusion principle result 
in a coupling of spins, known as exchange interaction. This 
was proposed by Dirac^^ and heisenberg^^ in 1926. The 
simplest forin of this is a scalar isotropic type^ termed 
as Heisenberg exchange, and is written as: 

5^^ = - 2J ,Sj_.S2 (1.2) 

As a result of this spin coupling the problem no longer 
remains localized to a single ion plus ligands, but becomes 
a many body problem involving cooperative interactions of 
the lattice as a whole. This coupling may either be such 
that the net magnetic moment is zero (termed as antiferro- 
magnetic), or be such that all the spins are aligned in the 
same direction (termed as ferromagnetic). 

As a consequence of these interactions in paramagnetic 
materials, the observation of EPR is not possible because of 
either the la.ck of resolution of spectra, or the change of 
character of the problem to that of elemental excitations 
in solid as a whole. Because of these problems, BPE in 
concentrated materials has not proved to be that fruitful 
as expected. The effects of these interactions can be over- 
come by isolating the paramagnetic ions from each other. 

This is usually done by doping small amount of these ions 



8 


into appropriate diamagnetic hosts. Sometimes this isolation 

occurs naturally as in some biological systems. Most of the 

EPR work to date has been done in magnetically dilute systems 

1 1 

and the comprehensive treatise by Abragam and Bleaney 
provides an excellent review of the subject. 

Nonetheless the EPR of paramagnetic ions incorporated 
into paramagnetic host lattices, if resolved, should contain 
the same information as available in a diamagnetic host 
lattice and in addition should also contain information 
relayed to it via the magnetic interactions about the inter- 
actions themselves and about the paramagnetic host ion proper- 
ties. A literature survey of such studies has been carried 
out and has been given in Appendix A. It has been found that 
a number of iron-group and lanthanide ions have exhibited 
sharp EPR spectra when doped in various paramagnetic iron- 
group or lanthanide ion host lattices and unusual features 
have often been observed in their EPR spectra. Our aim in 
this thesis will be to elucidate exactly when the sharp line 
EPR spectra of paramagnetic impurity in paramagnetic hosts 
are attainable and how to extract the additional information 
from the observed EPR spectra. The work presented in this 

thesis will be on iron group paramagnetic hosts doped with 
2 + 

Mn , a S-state ion. The hosts chosen are the single crystals 
of nickel, cobalt and ferrous salts. 
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CHAPTER II 


THiiiORY 


i. 3STR..GT 

This chepter has bei^n divided into three sections. 

Section A gives a brief theory of EPR, the crystal- field 

effects and the spin-Haniltonipm formalism, with reference 

2+ 

to iron group ions in general, and Mn ion in particular. 

Also described, in brief, are the various physical processes 

(mechanisms) responsible for the zero-field splitting of 
2 + 

Mn , a S-state ion. A general spin-Hamiltonian analysis 
2 + 

of Mn EPR spectra in orthorhombic crystalline field has 
been presented in Section R. Section C deals with the 
general problem of EPR of paramagnetic impurity ions in 
paramagnetic hosts. It is shown tha,t well resolved spectra 
of an impurity ion with long spin-lattico relaxation time 
can be observed if either the host ions have very short 
spin lattice, relaxation time, or have their magnetic moments 
reduced significantly by spin quenching. ilLso discussed is 
what additional information, in principle, can be obtained 
rr*o..i tne observed spectra of paramagnetic impurity ions 
■ -- Paramagnetic hosts. 
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SECTION A 

THEORY OR EPR OF IRON GROUP IONS 


INTRODUCTION 

Paraj.ji 8 ( 5 iie tism, fi consequence of the existence of 
magnetic moments, is a property common to all atoms or 
ions with an odd number o± electrons. However, the presence 
of incomplete 3d, 4f and 5f electronic shells in the ground 
state of the atoms and xons of iron, lanthajiide and actinide 
group elements, respectively, is responsible for their 
paramagnetism. The application of paramagnetic resonance 
technique and the development of the associated crystal 
field theory have led to a good unde?-’ standing of the mag- 
netic properties of the ions of various transition groups 
in crystals. 

* 4 " 

’^hen a free ion, with a resultant angular momentum J, 
is placed in a magnetic field, H, the energies of the 
various states are given asj 

= gp HMj (II. 1) 

J 

where, Mj = J, J-1, ..., -J+1, -J. 
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If an alternating field of frequency v is applied at right 
^angles to H, the magnetic dipole transitions are induced 
between these energy states according to the selection rule 
~ i Ij giving rise to the resonance condition; 

h V = gpH (II. 2) 

where g is the spectroscopic splitting factor and effectively 
measures the rate at which the energy states diverge with the 
applied magnetic field, h is the Planck's constant and p is 
the Bohr magneton. Further the intensities of these transi- 
tions are given by the square of the magnetic dipole transition 

probability P^^ , whore 

J" ^ J— 

%1,,M-+1 = const. x[J(J+l) -Mj(Mj+ 1 )J^ (II. 3) 

J ^ d— * ^ ^ 

hence the different Mj-^-'^Mj+l transitions will have different 
intensi tics. 

CRYST.IL-PIELD LPFEC T'J ; 

I'/hile studjnng paramagnetic ions in diamagnetic crystal 
lattices, thoic arc two types of interactions 5 (a) interactions 
between the paramagnetic ions, and (b) interactions between 
the paramagnetic ion and the diamagnetic neighbours (or 
ligands). Former interaction can be reduced effectively to a 
negligibly small value by doping small amounts of paramagnetic 
ions in the diamagnetic host. Thus each paramagnetic ion is 
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taken to loe independent and isolated from other paramagnetic 
ions. The latter interactions of paramagnetic ion "with dia- 
magnetic ligands modify the magnetic properties of the pa.ra- 
magnctic ions. This can be understood from the crystal-field 
theory wnicli aissumes that the parajnagnetic ion experiences 
a crystalline- electric potential whose sources are point 
charges (ions) or point dipoles (e.g. molecules) lying 

wholly outside the paramagnetic ion. In other words the 
ligands influence the magnetic ion throUi'-h the electric field 
which they produce at its site. This electric field modi lies 
tlie usual orbital motion of unpaired electrons and gives rise 
to a. new energy;' term which must be added to the Hamiltonian 
of the free ion to give new energy stales. 

The crystal field interaction is affected 13 /’ the elec- 
tro stt tic screening of unpaired electrons when outer electroxx 
shells ai'e occupied. Therefore it becomes necessar 3 r to 
distinguish the strength of crystal-field involved, as 
follows I 

( 1 ) Weak Crystal Pield: 

xiere the crystal field interaction is weaker than the 
spin-orbit coupling and this is the case with the rare- 
earth and certain actinide compounds. It is due to the fact 
that the electron's paramagnetic shell, 4f or 5fj lies fairl,-'/ 
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deep within the ion and is well shielded from the crystal 
field by closed shells of 5s and 5p electrons or 6s and 6p 
electrons, respectively. To a first order approximation the 
free ion calculations are valid here. 

(2) Intermediate Crystal fields 

In this case the crj/stal field interaction is stronger 
than spin-orbit coupling and is considered first. This situa- 
tion can be described by regarding the orbital motion as 
clamped b 3 / crystal field and raahing it unable to respond to 
an applied mafinetic field. This is known as ’quenching of 
orbital angular momentum'. Here magnetic properties are 
all due to spin which is coupled only weakly to crystal 
field, througi-i spin-orbit coupling. Here g-f actor (spectro- 
scopic splitting factor) is close to the free spin value, 
2.0023, and is quite different from free ion lands’ s g-factor. 
This situation typifies the hydrated ions of iron group. 

(3) Strong Orysta~l Field: 

For the ions of 4d and 5d transition groups there is 
a tendency of covalent bonding due to which the orbitals 
of pa.rainagnetic ion and neighbouring ligands overlap appre- 
ciably. Here crystal field assumption no longer holds 
because the sources for the crystal field are not wholly 
external to the paramagnetic ion. In addition to 4d and 5d 
groups, this situation is also found in cynides of 3d group 
such as Fe^"^ in k^Fe(Gl'I)g.^ 
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aPir-HiHILTOITIAN: 

The EPB stuc'y involves raessuring of the microwave 
transitions within o group of energy states which lies 
typically some hundreds or thousands of cm"^ below all 
other states. It is usual, though somewhat inappropriate 
when orbital momentum is incompletely quenched, to refer 
the merabers of this group as ’spin' states derived from 
a particular 'orbital' state. This type of formalism is 
known as the sp in-Hamiltonian formalism. The effective spin 
'S' of the ground state can be known by equating the number 
of these low lying states to (23+ 1). In other words, the 
spin- Hamiltonian approximation is to replace the Hamiltonian 
of the ion (with all its states) by another Hamiltonian 
which accurately describes only the low lying states. 

Usually in practice one guesses a form for the spin- 
Hamiltonian incorporating any known sjnnmetry properties 
and see whether the coefficients can be chosen to reproduce 
results in agreement with experimental observations. If the 
fit is a poor one, one ;guesses another form. 

HYPERPI m STRUG TlfRE ; 

i'he hyperfine structure in EPR spectrum results due to 
the interaction of nuclear magnetic moment of paramagnetic 
ion with its electronic moment. The origin of this can be 
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understood simi'/ly by assuming that the nuclear moment pro- 
duces a magnetic field Hj| at the magnetic electrons and the 
modified resonance condiiion is: 

h V = gjS 1 E 1 (II.4) 

The nuclear moment, being spact quantized in the 
direction of internal magnetic field (duo largely to elec- 
trons), can take up (21+1) positions corresponding to 
(21 + 1) values of mj, the nuclear magnetic quantuiu number 
(I being the nuclear spin quantum number). As the interaction 
energy is more fundamental than , the nucleus and surround- 
ing electrons are considered as a compocito magnetic system 
having (21+1) ( 2J + 1) possible states for a free ion i.e. 
each iij state being split into a closely spaced group of 
(21 + 1) states. Here the transitions arc allowed with 

the S'.;loction rules aMj = + 1 and Amj = 0« Since in 

2+ 

this thesis we vrill bo concerned only with Mn , for wJiich 
J = 3 and honor Mr = M,,. hereafter we will use M for Mr, 

d S O 

and m for m^. 

FOEM OF SPIh-HAMILTONIANi 

In general the total Hamiltonian, including all the 
interactions can bo written as: 



Total 


(II. 5) 
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where , is free ion tfamiltonian ( 'v 10^ Cui~^) 

^ is contribution duo to crystal field ( 'v 10"^ cm“^ 
is aagnotic interaction between electronic spin 

p _ 1 

and orbital angular inomontuai ( 10 cm for 

iron groufi ions) 

is interaction with Zeeman field ( a. 1 cm~^) 
is spin-spin interaction t: rm ( a, 1 cm“^) 

* 7 *^ 2 1 

-^ 1^1 is hyper fine interaction f rm ( 10“ cm” ) 

In tho case of iron group ions ( ) is solved 

C 

first anc? other terms are considered as perturbations ovoi 
it. The order of perturbation to be carried out is limited 
by its contribution to tho energy level evaluation, For the 
case whor-e tho ground state is orbitally non-degonera te , 
the second order contribution from i'" comparable to 

the first order contribution of ^ 2 ; ^ hence the perturba- 
tion is carried out to tho second order, higher order 
terms are mac' small. Thus the new ilamiltonian, called tiio 
spin-hamiltoniaa, where onJy terms upto the second order 
have beSii included, is, 

= p E.i.3 + S.ijj.I + i.Q.I 


4 


(II. 6 
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iiere g, I), L, and Q are all second rank tensors. The 
first torn represents Zecnrn interaction with the applied 
field Hj the presence of orbital momentum is taken into 
account 13/' allowing the splitting frctor ’g’ to differ from 
the spin-onl3A value ( 2 . 0023 ) and, if need bu, to be similar 
in form to a tensor. The second teim in 1 represents the 
quabrupolar coupling to the crystal field. The third and 
fifth terms in A and Q express the 113/perfine interaction 
between 0 and spin I of nucleus and the quadiupolai' coupling 

* 4 " 

b^- tween I and the electric field gradient in the ion, res- 
pectively. The fourth terni represents nuclear Zeeman 
int'-raction with applied field K. These tensors an-, dia- 
,,onalizod in a system of orthogonal azes, known as pi'incipal 
axes. These differ for the ions with different crystalline 
environments and even for ions with the same environment but 
different relative orientations of ligands. In principal 

axes system Z can be written as; 
o 

= I' (Sxhh + VV'k 

+ s( - Oy) + 

+ C [if - I(I+l)/3] + Q" (l| - ly) (II. 7) 

Here ©"tc* a^re written as g^. . . etc, D = , 

E = I Q' = I Qz and Q'» = | (C^ - Q^). The fourth 

term in Eq. (II. 6) being very small is neglected. 
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2 + 6 

The spin-Hamiltonipn for Mn with ^5/2 state 

4 / N 

must contain terms in (i = x,yfZ) since the lowest term in 

the cubic potential is x'. Hence the spin-Eamiltonian of 
2+ 

Mn in a cubic field is of the form; 

= gpii.a + ^ a [S^ + ~ 3(3 + 1)(33^ + 33 -1 

+ A{ S . I ) ( II . 8) 

For the case of crystal field of orthorhombic symmetry 

2 - 1 - 

the spin-xianiltonian for Mn can bo written as. 

= jJh.g.b + D[32 - jS(;j + 1)] -f F (3^ - 3^) 

+ i a [ 3 J -H Sy + 3^ - i :3 (o + 1)(3S^ -I- 3.3 - 1)J 

+ b.I.I -h q' [I^ - ^ 1(1 + 1)] + QH (I^ _ ip 

(II. 9) 

Hero the cubic fi-ld texm, a, is assumed to have the same 

axis system as th^^ other two fine structure terms, D and 

E. The advantage of using a spin-harailtonian is that the 
rather complicat''d behaviour of the lowest energy states 
of paramagnetic ion in a mr.gnctic field can bo described in 
a relatively siuiplc way by specifying tho effective spin 
together with a small number of parameters which measure 
the magnitude of the various terms in the Hamiltonian, 
rjere after the word spin means effective spin and axes, the 
principal axes. ¥e will now consider the spin-' 'amiltonian 
parameters individually. 
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(1) The Spectroscopic Splitting Pactor ’g'j 

This spectroscopic splitting factor is analogous to 
the Lande's g-f actor, for a free ion, but in general has 

different values for an ion in a crystal? the reason being 
the part of magnetic moment arising from the orbital motion 
of electrons is modified by the crystal field. Thus for the 
paramagnetic ions in solids, this g-f actor, called spectro- 
scopic splitting factor, is purely an experimentally deter- 
mined parameter. Prom Bq. (II. 6) it is a second rank tensor, 
its symmetrj^ being the symmetry of the crystal field. The 
contributions to g-f actor may be made by other terms in the 
Hamiltonian or bj'' effects not completely described by crystal 

field theory. An example is the configuration interaction 

2 2 

occurring in covalent crystals. Watanabe not only explained 

2+ 

large positive g shifts for Mn ion in some covalent systems, 
but also suggested the reason for the large cubic fine struc- 
ture constant, a, which accompanies the large g shift. The 

24- 

explanation for Hn ion involves adialxture of a configura- 
tion with six d electrons on the ion and a hole on the ligands 

5 

into the d ground configuration. 

(2) Pine Structure Parameters: 

'!)' and 'E’ parameters arc generally known as second 
order fine structure constants and are the measure of the 
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internal splitting in the group of energy s totes, described 

by spin-Hamiltonian in the absence of Zeeman field. ' D’ 

represents the axial part and 'E' the rhombic part of the 

2+ 

crj/'stal field. For Mn , fourth order cubic field parameter, 
'a', also contributes to the zero field splitting and is 
important for interprets, tion of BPE spectra. ¥e ha.ve res- 
tricted ourselves in this thesis upto these parameters, 

2+ 

though there are other fourth order parameters for Mn 

(5) Hyperfine Structure Parameters; 

For a paramagnetic ion in solid, the Zeeman interaction 

corresponds to the interaction of an anisotropic electronic 

maitlietic moment with an external field and is represented by 

the term (3 tl. g.a in the spin-ilamiltonian. .Similarly the 

m8g,ne uic hyperfine structure is the result of the intei'action 

between this anisotropic electronic magnetic momc^nt and the 

magnetic field due to the nuclear maynetic moiiient and can be 

represented by the tc;rm :J.A, I. It dia^gonalizes to the form, 

2 + 

shown in Eo. (ll.7)j in the principa] axes system. Mn , 

6 

witn sjnniTietric S ground state, should not show any hyperfine 
structure according to the first principles. Put experi- 
mentally the hyperfine structure is observed. This is 
accounted for by the so called 'anomalous hyperfine split- 
ting' , which arises because of the existence of a finite 
electron spin-density at the nucleus. This can be regarded 
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es a consequencb of either configuration interaction with 

5 3 

configurations having unpaired electrons such as 3s 3d 4s, 
and/or as due to a difference in the spatial wave functions 
of electrons which differ only in their spin-orientation.^ 
The latt'- r phenomenon is known as core polarization and 
results naturally' from an unrestricted iiartr' e-foc>; calcula- 
tion. Gore polarization is the magnetic polarization of an 

atoraic or ionic core of closed shells hy an unfilled exter- 

2 + 

nal shell with a total spin 3. In the case of Mn , core 
polarization providc.s a satisfactory physical model and the 
calculated values arc in reasonable agreement with the 

5 

experimental values. riyperfine couT'ling constants are 
sensitive to the nature of bonding and their variation can 
be utilized to find the same. 


Although the hyperfino interaction S.A. 1 pioduces 
most of the effects associated with nyperfine structure, 
one more tona due to the interaction of the nucleax magnetic 
moment with the magnetic field is always present. It can 
be written as fourth term in Bq. (II.6); 



(II. 10) 


Another term which often contributes to the hyperfine 
structure is the qaadrupole interaction, 


i.Q.i 


(II. 11) 
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the lest term in Eoj.. (II.6). In the principal axes system 
it can be written in teims of Q' end Q" (see Eq.(ll.7)). 
liie forbidden nyperfine doublet separations can be used to 
compute these parameters. 

FINE blRUC TJhE 01' - ZLi-{0 FILIiI SFLITTIhGS OP 

2+ 

Mn ion has e half filled 3d shell and comes under 
the case of intermediate crystal field. The ground state 
has all the five spins coupled parallel and from Hund’s 
rule is given by ^'■^5/2* there is no orbital momentum 

in this state, to first order, it will have no interaction 
with a crystal field. However, in practice, the M~fold 
degeneracy is partially lifted into one doublet and one 
quartet (separation v o.l cm” ) even by a cubic crystal 
field. The fields of lower ssmimetry further split the 
quartet into two doublets and change the magnitude of the 
split tin^_,. To have a theoretical explanation of this inter- 
action, higher order processes are to be considered. In 
the absence of any satisfactory theoretical explanation for 
the zero field splittings (abbreviated as ZPS) of h-state 
ions, the study of ZFS of lln^"^ has become a challenging 
problem. Van Vleck and Penny^ for the first time discussed 
qualitatively the origin of the axial field splittings of 
Z~strte ions considering the admixture of excited orbi tally 
asymmetric states into the ground state via spin-orbit 
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coupling. These excited admixtures , being perturbed by the 
axial field, gave e second order energy term, D[3S2. - 3(.G+l)]. 
However, the estimates of the splittings from such calcula- 
tions were very high and were inadequate to explain quanti- 

nr 

tatively the observed splittings. Pryce ^ showed that the use 
of spin-spin interaction alongwith the admixture of states 
gave a finite; and relatively lower order contribution to the 

p 

splitting. Herso'm and Das proposed a method of ZPS calcu- 
lation via perturbation of the one electron orbitals either 
by the variation method or by solving first order perturbation 

Q 

equations numerically. Va.tanabe carried out the first quanti- 
tative calculations of both spin-orbit and spin-spin contri- 
butions. In addition to the Pryce- terra, Watanabe also consi- 
dered admixture of excited I^P> into 1^S> state by spin-orbit 
coupling and found the van Vleck-Penny term to be alwa^ys 
negative (D < 0) wheroas Pryce term having either sign depend- 
ing upon the sign of the crystalline ^-loctrac field gradient, 
b'atanabe’s values were considerably smaller than the experi- 
mental values. Kondo^*^ suggested that the discrepancy might 
be removed by considering anisotropic covalent admixtures. 

lie considered both spin-spin and spin-orbit contributions to 

2+ 

' D' and 'E' and computed contributions to ZPS of Mn ion 
in MnP 2 siid strained MgO. Even using small -value for electron 
transfer, he obtained reasonable agreement between ca.lculated 
and observed ZPS. This indicates that the overlap contribution 
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to ZF3 was dominant. Blume and Orbach^^ considered ZI'S in 

3-state ion in a deformed cubic host rnd obtained first 

order non-zein matrix elements of axial and rhombic fields 

by spin-orbit admixture of excited 1^P> state into ground 

state. The values obtained for the spin-Hamiltonian 

coefficients weie equal in magnitude but opposite in sign 

1 2 13 

to the experimental values of Watkins et al. , Bhiron 

and Peher.^^ Sharma et sl.^^ performed these calculations 

again by taking correct choice of phase for the |‘^G-> state. 

16 

Orbach et al. also made attempts to fit the axia.l field 

17 

splitting of 3-state ions by using a method due to Sternheimer' 
and obtained s-, d- and g- like admixtures to unperturbed 
functions by adding axial field potential to Hartree-kock 
potcntiali, deriv.d from Watson’s 3d functions^^ and integrat- 
ing one electron Gchrodinger '..quation numerically. These 
weru used to calculate the matrix elements of axial field 
perturbation. Theso results dominate the Watanabe's computed 

results but fall somewhat short of the experimental values. 

19 

Sharma ct al. gave a comprehensive treatment of the ZF3 
2+ 

of mil ion ia point multipole approximation. Various contri- 
butions to ’ D' and 'E' wore considered and quantitative 
results computed for the most important mechanisms for the 
specific cases for i«InF 2 ^'^<3 ZnP 2 --'-'^ • values of * D' 

and 'E' , obtained by summing over various contributions, were 
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20 21 

compered to the experimental values. ’ In a subsequent 

pp 

paper bharma, et al. included both overlap and charge 
transfer covalency effects and the calculations were done 

24 - 

for the case of ZnPg- overlap con- 

tribution and of point multipole model contribution to ' D' 
and 'h' were compared with the experimental results of 

linkhajn^^ and the agreement both in order of magnitude and 

2b 

sign was found to be good. L^ext Lowthei , ' using the 

24 

effective spin-orbit Hamiltonians, evaluated the magni- 

2+ 

tude of its con fcributioj.1 to *1' and 'E' for Znr'2h''[n from 
8 point-charge multipole model. Ibis contribution was 
non-negligible and was comparable in magnitude to most of 
bharma et al. ' s mechanisms, folen^^ recently used the 
results of EPR measurements of transferred hyperfine inter- 
actions in K22n7'^5 in conjunction with ICAO theory 

(involving intra spin— spin and spin— orbit interac tions ) 
to determine the electroaic overlap contribution to '1' 
parametBr of Mn • This tho vrlue of * 1 )* = 

35.9 X lO”'^ cui~^, while the experimental value is 
36.0 X lO""^ cm~^. A calculation similar to that of folen 
has been carried out by Narayana foa the system Lv2f'’i624 
V.'atanabe 27 concluded that the cubic field splitting para- 
meter 'a' should be pioyortional to inverse tenth power of 
R (interionic distance) and should be positive regaxdless 
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of the sign of Dq ( pa,rpme ter for strength of cubic field). 

He also proposed an EPR experiment on S-state ions under 

high hydrostatic pressure ^ whicl reduces E and induces 

27 28 

increase in 'a' 9 to test the theory. Sharma. studied 

2 + 

the effect of the strength of the cubic field on ZFb of Mn 

in axial field and found that the usual belief-- that ZFb 

diiuinishes as the strength of cubic field decreases is not 

a.lways true. In some cases the Zi'b decreases as the strength 

increases. Moreover ZFS was found to be sensitive to the 

strength of the cubic field and might even change sign 

PR 

on varying the strength. Sharma also plotted ' D’ against 
lOLq for Mg,Gl2 , GdGl2 sMn^'*’ ,MnFp,ZnF2*^'^^7'*' and GdBr 2sMn^''". 
In addition, ’ L' from various mechanisms was plotted against 
10 Dq in MgGlpSMn^"^. 

Lots of calculations have also been carried out taking 

into account the relativistic effects in explaining the ZPS 

20 

of S-atrte ions. Van Huevelen applying V/ybourno's electro- 
static model'^*^ of relativistic crystal field, calculated the 
2 + 

ZP 3 of Mn in cubic and tetragonal crystal-fields and found 
the calculated vpluea about half of the exijerimentally 

observed values. Similar calculations were made by ilagston 

11 12 ll 

and Lowthcr 9 by Serway," by Schlottmann et al. and by 

Chatter jee et al.^^ All these authors found the relativistic 

contribution dominating even the Blume-Orbach contribution in 
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the systems studied. Thus the rel-: tivistic contrihution can 

2+ 

not be neglected in the calculations of ZFS of Mn 

■^5 

A recent article by ?Iev7man and Urban" reviews the 

various mechanisms responsible for ZF3‘ of 3-sta.te ions 

( Gd mainly). In this article they also mention to have 

2+ 3+ 

carried out a superposition model analysis for Tin and Fe 

in MgO which shows that a model, which is linear in the 

single ligand contributions, is quite consistent with all 

14 

the n = 2 strain parameters given by Feher , and thus 
throws doubt on the relative importanc of the xilume-Orbach 
process. Recently Chatter jee et al."^ have calculated the 
contributions to ' D' for Mn^"*” (site I) in La2Mg'^(N0^ 2 * 24 H 2 O 

using already known and some new perturbation mechanisms 
upto and including fouith order using the relativistic wave 
functions and have shown that th'e largest contribution to 
the observed value of ' D' comes from the second order pertur- 
bation mechanism, in agreoeiont with the prediction of van 
29 

Heuvelen. 

It is thus clear that none of the many attempts made 

2+ 

to -calculate the ZFS of Nn can be rega,rded as entirely 

satisfactory. The main problem is the present lack of 

sufficient ancillary data to check crucial aspects of these 

2 + 

calculations , e.g. in the case of tin there is apparently no 
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phenomenological data on the axial components of the crystal 
field, ITewman et al. ^ in their review emphasize the need 
for making planned experiments such as using variable fre- 
quency EPR technique explicitly aamed at testing the theore- 
tical models. After a complete understanding of this problemj 
it should be possible to extend the role of ,3-state ions as 
'test bodies', for their spectra will provide information 
on the electronic structure as well as on the atomic struc- 
ture of their crystalline environment. 

ALLOWED ML E0R3IDDE1 TRAISITIORSs 

When the oscillating microwave field is perpendicular 
to the static Zeeman field , the allowed electronic transitions 
an'v magnetic dipole transitions with the selection rule 
Afi = + Further the microwave field exerts a negligible 
effect on the nuclear moments, the selection rule invD Iving 
nuclear transitions is Am = 0 giving rise to hyperfine 
structure. Thus the transitions with the selection rules 
AM = + 1 and Am = 0 are termed as a.llowed transitions. 

Fig. II-l shows the various interactions and the allowed 

24 - 

transitions in the BFR of Mn , In addition, transitions 
other than the aJ-lowed ones are sometimes observed. Transi- 
tions with A M -^ + 1 are termed as electronic (fine) for- 
bidden transitions and occur due to the mixing of states with 

37 

different M due to the non-diagonal terras. The aM = + 2 
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transitions occur at Zeoman fields about half the magnitude 
for All = + 1 transitions. 

The transitions with Am 0 aie calltjd forbidden 

hypt=:rfine cransitions which occur because of the mixing of 

various hyperfine states. The second order cross- terms 

betwoon the hyperfine and the fine structure operators in the 

38 

spin Hamiltonian can lead to this mixing. For an ortho- 
rhombic crystalline field the cross- term, s will be of the 
type ( DS_S, ) ( Ab~I , ) and (ES_8 . ) ( Ab_I , ) . These second ordor 
cross-terms lead to the admixture of the hyporfine states. 

The nuclear part of a wave function ] m> is then a linoar 
combination o^the components Im> , ] m + 1> , j m + 2 > . . . etc 
so that the apparent forbidden transitions become weakly 
allowed with the selection rulos AM = + 1, ahi = + Ij 
aM = + 1, Am =+ 2*, ... etc. The expressions for the 
doublet separations arising out of Am = + 1 and Am = + 2 
forbidden iiyperfine transitions an derived in Appendix 3 
from perturbation theory. 
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SECTION B 

SIIH-HMILTONIj^ ANALYSIS OE alECTRA 

In tht- preceding section we Asve discussed how to 
describe tliu group of lowest lying energy states in torms of 
a small number of parameters of spin- Hamiltonian, which can 
give these energy states as its eigen values in terms of 
those parameters. This section describes hoxf the values of 
these parameters may "be determined from the observed EPB 
spectra. 

The first step will be to decide the symmetry of the 
spectrum and the effective spin , which in turn will 
determine the typo of spin-Hamiltonian to be used. Consider- 
ing the selection rules aM = + 1, Am = 0 for allowed transi- 

24 - 

tions, the spectra of Mn in crystals should normally contaii 

five sextets (i.c. 30 lines) for erch ''In complex in the 

unit coll, assuLiing that the microwave quantum used is greatcj 

2+ 

than the ZF3, The point symmetry of the site, to which Mn 
is substituted, detenuines which of the parameters are non- i 
zero. The value of the non-zero parameters is determined 
by the local environment around the paramagnetic ion. Here 
the knowledge of the crystal structure and the impurity ion 
involved, combined with the experience of the kind of spectrui 
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usually observed under similar circumstances, will certainly 
be an invaluable aid to the analysis. 

Ifter determining these general features of the BPR 
spectra, one proceeds to find the magnetic axes (principal 
axes) X, Y and Z of each of the magnetic comx^lexes. Those 
axes are a sot of mutually perpendicular' directions which 
maj/ bo different for each magnetic complex in the unit cell 
of a crystal. These directions are found from the angular 
variation study of the spectrum by obtaining extrema in the 
fine structure spreads of the EPR spectra. The Z-axis is 
defined as the direction along which the spectrum shows 
maximum fine structure spread. Similarly the X-axis is 
perpendicular to the Z-axis and has a smaller spread than 
the Z-axis. Finally the Y-axis is perpendicular to both 
Z and X-axes and has the smallest spread. If the unit cell 
of the crystal contains more than one magnetic complexes 
witn different orientations, the orientation of (X, Y, Z) axes 
must bo determined for each complex. IJosidos, one usually 
comes across the paramagnetic susceptibility principal axes 
^2 These coincide with (X, Y, Z) axes, if there 

is only one magnetic complex per unit cell, or if all the 
complexes in the unit coll are equivalent. The axes 
are an average of the (X,Y,Z) axes of the different magnetic 
complexes. Also it is not necessary that (X2^,K2»K^) axes 
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coincide with the cr/stpllographic (a,b,c) axoe. 

2+ 

As the tr^r of the I-In corip.1 ezc'^ (discussed in 

this thesis) is not higher than orthorhombic, on appropriate 
spin-iiamiltoni an used in the analysis is; 



fj.iiJ + B 3 ('^ -1- D] + E (3^^ - 

+ (1/6) a + 3^^ - (1/5) 3 (3 + 1) 

X (35^ + 3S - 1)3 + D.A.I (11.12) 


where the various torms have their usual significance and 
/ 2 + 

3=1 = 5/2 for Mn . In literature, sometimes other nota- 
tions for s pin-Hamiltonian parameters are usv:d, which are 
related to our notations as follows; 

B = b 2 ° =3 E 2 ° is = ^2^/5 = 32^ 

a = 214° = 120 34° F = 3b4° = 180 84° 

(cubic case) (axial case) 

Assuming gj3H » 1 d| , !e 1 , Ia| and IaI and carrying 

out perturbation calculations upto third order, the field 

expressions for the allowed fine structure transitions for 

39 

the Zeeman field, H, parallel to the Z-axis arc i 

H 4 (i'i = 5/2 3/2) = - 43 + ( l^+p) “ (H 4 + 3 D) 

151E^ 93B^ 

(14+33)^ (3^+3)^ 


2a 
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H 2 (M =3/2 


H^(M = 1 / 2 -.-^ 


= - 1/2 


H^CM = -3/2 


1 / 2 ) = - 21 - -H 

( H 2 + 3 ij 7 ( ^ ( H 2 - I >) ^ 

+ -- - S— - — ^ + 5a/2 
( H2 + 3L )'' 


- 1 / 2 ) 



9 B ^ 

(H^-D) 


5i!i 


>2 


( ii 3 + 3 D ) 


- + 



( H3 - 3I !) 


__ 9B^ 9ML, _ 15 DB^ 

( H ^+ D ) ( H ^- l )^ (^ l 3 + 3 D )^ 

+ 15 DE ^ 9 T ) B ^ 

(H3-3D)2 (-h^+IO^ 


-3/2) 


-5/2) 


H + 21 + 
02 


9 B ^ 9 B ^_ 

rH^+l)' ~ (H 4 -D) 


5E^ _ 151B^ 9DE^ 

" (H4-51 ) (h^-3I))2 (E^+D)2 

. _^ML . 5,/2 

( H ^- l ) 


li 


oz 


+ 41 + 


( H ^- l ) 




rn . 




4 . 91 B ^ 

( Hj - l )^ 


- i 5 ^ + 2 a 

( H5 - 3I ) 


(II. 13 ) 
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In the above expressions the contribution of terms involving 
’ D' and 'S' is taken upto the third order of perturbation 
theory, whilo the terms in ’a’, because of their very small 
contribution, hav boi.n considered only in tho zeroth order. 


The field expressions for hyper fine structure tran- 
sitions for H par’sllel to the Z-axia are ; 

2 

H(m^m) = - Am - | — [I(I + 1) - m^ + ( 2I'i-l) mj 

■^OZ 

(11.14) 

where ’A' is used for ’ A„ ' and '3* is the evorage of ’A^' 

jU X. 

and *Ay’ (h = (a^ + Ay)/2). The field expressions for H 
parallel to the X and I axes can be obtained by using the 
following transformations j 


h!1z 

1 ) 




HI jX 
-(D-3E)/? 

-(3D+E)/? 


HllY 

-(D+5E)/2 

( D-E ) /2 


( 5b, °-b, ^+b/ ) /8 ( 3b, ^+b, ^+b/ ) /S 




oz 




■Z 


ox 




H. 


oy 


y 


Hero b^ , b^ and b^ are fourth order parameters out of 

o 2 4 

which we have considered only b^ and neglected b^ abd b^ 
because of their very small contribution. 
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The BPR spectre along the principal axes are first 

analysed using tiie above expressions for the fine structure 

transitions and then the expressions for hyperfine transitions 

are also included in the analysis. The position of a fine 

structur*. transition is taken as the centre of the first 

and the sixth lino of the corresponding hyperfine group. 

The signs of the parameters determined in the present S'tudy 

are only relative and hav' been determined from the observed 

second order hyperfine sliift, assuming hyperfine constant 

' il’ to be negative . first, in the Eq. (11.13), wo 

solve for the initial values of the parameters by considering 

only terms; upto second order. Using these initial values of 

the parameters, an iterative procedure has been adopted to 

get the oost-fit parameters. Adding Eqs. ( 11.13) and (11.14) 

2 + 

wc calculate the positions of the thirty lines of Mn spectra 
and the root morn squai e deviation from the observed experi- 
mental values is calculated. A computer program has been 
used in whiC' gl.,l the- parrmetors arc varied separately to 
minimize the root moan souare deviation. In this procedure 
the higher order nonlinear terms are added one by one with 
the hnlp of the computer program by an iterative procedure 
and finally the best- fit vaAues of the parameters are taken. 

In certain cases where the magnitude of the off- 
diagonal terras in the spin-Hamiltonian was rather large, the 
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perturbation, approach, used was not applicable. Therefore 
we used a nethod in which exact numerical diagonalization 
of the spin- fiamilt onion matrix has been performed with a 
simultaneous fitting of data corresponding to the magnetic 
field orientations alon '■ the Z and X axes. Hei e we only 
consider the fine structure part of the spin-Hamiltonian 
matrix i.e. 6 x 6 matrix for Mn (the elements of this 
matrix are given in Table II-l). Another computer program 
has been made to get the best-fit parameters by exact 
diagonalization procedure. This program calculates all 
the five fine structure/ transition field positions for a 
given set of parameters and finds the root mean square 
deviation from the experimentally measured field positions. 
The fitting of the experimental date has been done by 
varying all the parameters. The initial values of the 
parameters have been taken to be those estiicated from the 
perturbation expressions. Thus the set of best-fit para- 
meters is obtained. All the calculations have been carried 
out using the IBM 7044 Computer. 



Matrix elements of sp in-Hamiltonian matrix for Mn^'^(S = 5/2) 
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SEOTIOF G 

THEORY OF EPR OF IF PiRiMAGKETIG SIFGIE CRYSTALS 

As mentioned in Chapter I, the main source of the 
width of paramagnetic resonance lines in magnetically con- 
centrated materials is the dipolar interaction, which 
usually hampers the observation of EPR because of its 
significant broadening effect. Hence, to get sharp resonance 
lines, the effects of the dipolar interaction must either be 
eliminated, or at least reduced significantly. This 
reduction of the effective dipolar interaction can be 
accomplished either by motional effects, or by what is 
called spin quenching. The situation is same for the obser- 
vation of EPR of a paramagnetic impurity in paramagnetic 
hosts. Only a handful of reports exist in the literature 
on the EPR of iron group and lanthanide metal ions doped 
in paramagnetic iron group or lanthanide ion lattices (up to 
date list is given in Appendix A). These generally show- 
sharp EPR spectra and often unusual and anomalous linewidths. 
It will be the purpose of this section to review all these 
effects and come out with the criteria for determining when 
the sharp spectra of paramagnetic impurities will be 
observed in paramagnetic hosts. The two above mentioned 
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phenomena, employed for the reduction of the effective 
dipolar interaction, will he discussed scp8,r?tely and in 
detail. Before going to the particular cases of linewidths 
of impurity ixi paramagnetic hosts it will be useful to 
describe, in brief, the motional narrowing theory along the 
standard lines as its results will be needed in the latter 
discussion. 

mOTIOh/Ji IT ARROW I NG THEORY^ 

Motional narrowing reduces the effective magnitude 

of the dipolar interaction by its rapid modulation. The cases 

where the modulating motion results from coordinate motion 

4 2 43 

or electron exchange are well known. The physical 

nature of the phenomenon can be understood from the fact 
that only interactions of magnetic nature, such as dipolar, 
spin-orbit and hyperfine, are capable of affecting the mag- 
netic moment of the spin directly and hence are responsible 
for the time dependence of the magnetic moment which deter- 
mines the linewidth. However, these interactions are 
controlled by non-magnetic interactions, which can not 
affect the magnetic moment directly, and this control 
produces the narrowing. The control is brought about because 
the magnetic interactions are dependent on the positions of 
the electrons and atoms which in turn are controlled by the 
non-magnetic interactions as these are much larger than 

domly follcms the 
St, jdtm. Saa ttia Miosis, 
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the magnetic interec tions. The magnetic interactions will 
then show a time dependence controlled bir the electronic or 
atomic motion resulting in their time averaging. In cases 
of sufficiently rapid motion, the averaged effect becomes 
much smaller than otherwise. 

Now the motional narrowing process will be described 
quantitatively and various important and useful results will 
be derived from this description. The system under conside- 
ration cai-i be described in terms of the hlamiltonian “H., which 
can be divided in three parts as follows; 

Here is the unperturbed spin-Iiamiltoni an giving rise to 

the positions of spectral lines and is the Zeeman interaction 
of a system of spins with an applied field, is unspecified 

and is the modulating Hamiltonian and 5^ is the time-dependent 
perturbation, taken to be the dipolar interaction. For narrow- 
ing to occur, the following assumptions are made; 

(1) ^ 7 <^\ = [;i; + A , 

( 11 . 16 ) 

This assumption emphasizes two facts; first, that K does 
not commute with and thus it does cause a time variation 

of and second, that we leave out, at lea.st for the time 

being, the time variation due to this is only justifianle 
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on the basis of later assumption (3) which throws away all 
the off-diagonal terms of to as non-secular pertur- 

bations. 

(2) /C^-\ = 0 (11.17) 

= 0 (11.18) 

whore M is the magnetic moment of resonating spins. This 
assumption expresses the fa.ct that causes narrowing 

rather than brosudening, since it can not directly change the 
unperturbed energies (by Eq. (11.17)) or interrupt the 
radiation in any way (by Eq. (11.18)). 

(3) is so small as to have no important matrir elements 

connecting different unperturbed states of or only 

causes a change in the resonance condition without causing 
any transitions. 

To begin with, the line- shape for the determination 
of linewidth is taken to be that given by the Fourier 

44 

transform of the relaxation function, Gr(t) , defined ass 

G(t) = Tr [M 3 ^(t) M^] (11.19) 

where M^(t) = exp (ij^t/-h ) exp (-iAt/ -h) (11.20) 

and obeys the equation of motion 
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1 



Ik , 


[k<o +1^^ . ( 11 . 21 ) 


This equation is usually solved by using the so called 
’interaction picture', using an operator M( t) , defined as: 

M* (t) = exp (-i ( t/^) 

X M^(t) exp (i t/* ) (11.22) 

O m 


where the sta.r indicates that operator is in interaction 
picture, From Eqs. (II. 20) and (11.22) it is clear that if 
is absent, M* (t) is just and is time-independent. 
I'hereforu, if is small, it is reasonable to expect the 
vaiiation of M* (t) to be slow. Thus the equation of motion 
becomes 5 


i 


dt 



= [ t^xp (-ijA^ t/ -h ) J^(t) exp (i-^Q t /h),M* 

(II. 23) 

where K = exp (-i ^ ^ '^d {l{ 

= GXP ( -i t/ -h ) ( t ) exp ( i t / h. ) 

with ^^(t) - Gxp {^±Jfi^/ ^ exp (i-^jj^ t/ ’L ) 


(II. 24) 
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Using eigenfunctions of and the matrix notation, 

hq. (11.23) becomes, 

d(M*) . . 

- (<)ik (^d)kj 

(11.25) 

Since the variation of M* slow, it is reasonable to 

assume that the contribution of terms with rapidly varying 
exponents, exp ( -i (E^ - Ej^) t/ 'h ), averages approximately 
to zero when integrated over a sufficiently long time, and 
can be neglected in comparison with the secular terms for 
which Ej^ = or = B^. Thus the equation of motion 
reduces to, 

d(M*), . 

- i * -df^ = - C>^d)ddJ '<)id 


= li A 0 ^^. (t) (Mx)ij (11.26) 

with the solution, 

0 t 

^^^ij ~ ^ ^ / ^“ij ^ (11.27) 

The quantity Aco. .(t) is taken to be a random function of 

1 J 

time and depends on the values of the diagonal elements of 

which change in a random way at a rate governed by , 
a ni 

via Bq. (11.16). Thus the relaxation function (11.19) becomes, 
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&(t) = I exp [i (E^ - E^) t/ * j } <i iM^! j>|2 

1 y 2 

exp [i / Aco . (t') dt' j. (11.28) 

0 

Considering only a well defined transition of A with 

Q 

Ei - Bj = to^ and taking l<i j M^| 3 > | as weighting 

function for the exponential terms, G( t) becomes, 

00 

G(t) = exp (i ujq t ) / dx P(x) exp (iS(t)) 

— 00 

= exp (i (Oq 7) <exp (iX(t)> (11.29) 

t 

where X(t) = / Aw. . (f) dt' 

0 

and P(x) = ProbabilitjT' distribution for exp (i X(t)) 

Fow the problem reduces to finding distribution law 
P(x) for X(t) and then to calculate < exp (i X (t))> . For 
this the following model is chosen; (i) the random fimction 
AWij-(t) is stationary and Gaussian and (ii) the mean square 
value <w > of AWjj^j(t) is the 'same as in the absence of any 
motion. Mow if .^(t) is a Gaussian random function, it is 

completely characterized, aside from its mean square magnitude, 
by its reduced correlation function, 

^0) ~ ^“^i (11.30) 

2 

where <w > is the mean squared dipolar fluctuation and 
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g (0) = 1. Also, from the assumption of G-eussian charac- 


'CD 


ter of Aod .(t), X(t) also comes out to be Gaussian with, 

X J 


P(x) = exp ( - i 1 ?/ <X^>) 

/2Tt<X^> 


( 11 . 31 ) 


Hence we get 


< exp (-i X( t)j> 




+ 00 

/ exp ( 


I xV <j}>) 


X exp ( -i X( t ) ) dx 


exp ( - < 1 ^ > /2) 


( 11 . 32 ) 


and thus the relaxation function becomes 


G(t) = exp (i oD^t) exp (- <X‘^> /2) 


( 11 . 33 ) 


Usin^i Hq. (11.30), < X^ > becomes, 


<XS = </ dt' / dt-i^^ .(f ) Ach )> 


0 0 
t t 


'IJ 


<a)^> / dt' / dt" g (t 
0 0 ^ 


» r 


t') 


Mext the substitution of. 


T = t" - t 


t" + t’ 
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2 

as new variables in <X > leads to, 

<x2> = 2 <o2> 2 / ax g (x)/^^ ""ax' 1 ^ jl - ’xv' ' ^ I 

Q 0) T 

*t» 

= 2(j) <a)^> 2/ dx g (x) ( 2t-2x) 

^ o “ 

2 

= 2 <aj > / dx (t-x) g (x) ( 11 . 34 ) 

o “ 

Hence , 

2 4 

&(t) = exp (i co^ t) exp [-<[o">/ dx (t - x) g (x)J 

o Jq u 

(11.35) 

Prom this Eq. (11.35), it is possible to describe the effects 
of the random rnodulation Aco. -(t). Before making any explicit 
assumption about g^ (x), first we will considei two extreme 
cases viz. those of slow and fast motion. 

Case Is 

Ao). .(t) variCsS slowlv or the correlation time xt is 
X J c 

2 2 

so long that <a! > x » 1. Then, for x < x g (x) can be 
replaced by unity, givin,^, 

2 

G-(t)j = exp (ia:^t) exp [-<w >/ (t ~ x) dx] 

= exp (ijjj^t) exp (-<u)^> t^/2) (11.36) 

tg (x) = exp (-x/x ) 

Ul 
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Eq. (11.36) represents the relaxation function j termed as 
rigid-lattice relaxation function, and gives an important 
result that in the absence of rapid motion the lineshape is 
Gaussian with the linewidth given by 

Aw = f <w2> (11.37) 

Case II; 

Aa)ij(t) varies rapidly, i.e. is so short tha.t 
2 2 

< 0 ) > « 1. Then, for t >> t the reduced correlation 

^ c 

function ( t) falls rapidly to zero before G(t) has a 
chance to deca^^ and the integral in the exponential factor 
can be extended to infinity with the result, 

G(t)ii ^ exp (iw^t) exp (- <a)^> t / di:) 

o 

= exp (iw t) exp (- <co^> t t ' ) (11.38) 

o c 

00 

where x ’ ( = / g (v) dr) is some characteristic time 

C (0 

related to how fast the correlation function falls off, and 
is related to the inverse of the frequency of modulation of 

the dipolar interaction, 

00 

Tc’ = I sA'v) dx = l/w (11.39) 

0 

Hence under the narrowing condition of fast modulation the 
relaxation function becomes. 
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G-(t)ii ~ exp (- <(o^> t/ U3j^) (11.40) 

The relaxation function, Cf(t)jj-, deecrihes a Loxentzisn 
line shape. The important result is that tho linewidth in 
the presence of rapid motion is given 'by, 

2 

Ata = (II.4I) 

The presence of <a)^> in both Eqs. (11.57) and (II. 41) 
supports the original assumption that the width depends on 
the size of dipolar fluctuations. 

At this point it is necessary to make a coiriraent as 
the treatment given above is vary simplified. When the modu- 
lating motion is very rapid such that the modulating fre- 
quency is greater than tho resonance freauoncy i.e. Wq > 

the contribution of non-secular terms can not be neglected. 
These introduce a numerical factor of 10/5 in Sq_, (II.41) 

with the dipolar and .codulating freauency dependences 

4 5 

remaining unchanged. This is called the spin-lattice 
relaxation or '10/5' effect and causes further broadening. 

Vfith this description of the theory of motional nenrowing, 
we will switch over to the specirl cases of doped paramag- 
netic hosts, i.e. host spin-lattice relaxation narrowing 
and spin quenching. 


Li 

C£'Nt«AL LIBRARY 

* ^ A 

accm No« ink 
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HOST SPIN-LATTICE EELAXlTIOH NARHOWIHG: 

From the discussion of the theory of the motional 
effects, it comes out that the presence of an appropriate 
fast motion of souie sort in the systen may reduce the dipolar 
interaction to a. large extent re .suiting in the motional 
narrowing of the resonance lines. The question arises whether 
or not any appropriate motional effects are operative for 
the observation of the BP£ of impurity ions, with sufficiently 
large spin-lattice relaxation times, in paraiJiagnetic hosts. 

A well known application of the motional narrowing 
theory is the exchange narrowing in the magnetic resonance."^^ 
Here the exchange interaction in the pure and mixed materials 
has been discussed as a motional Hamiltonian causing narrow- 
ing of the resonance lines, which is termed as 'exchange 
narrowing' . In the case of impurity doped paramagnetic 
hosts, exchange between unlike spins (i.e. impurity and host 
spins) will be of interest. Exchange effects among unlike 
spins are more complicated than those among like spins and 
do not result in narrowing of resonance lines but contribute 
to their broadening. The reason being, the exchange 
Hamiltonian of unlike spins does not commute with M , the 
X component of the magnetic moment of resonating spins and 

V 44 

thus contributes to its time dependence through Eq.. (11,21). 
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But the exchange between host spins can produce narrowing 

of the impuritj^ resonance lines because it commutes with the 

X component of the magnetic moment of impurity?- spin, 

and can also modulate the impurity - host dipolar interaction. 

Prom this discussion it is clear that exchange effects , though 

very complicated, suggest that the impurity-host exchange 

also contributes to tho rigid lattice linewidth,V <u > • 

Another important result is that only isotropic exchange 

can cause narrowing and anisotropic exchange also contrihutos 
44 

to broadening. 

Another narrowing effect is due to the fast spin-lattice 

relaxation of paramagnetic host ions. It was first proposed 
47 

by Mitsuma that tho fast spin-lattice relaxation of the 
paramagnetic host can randomly modulate the dipole and 
exchange interactions between parama^gnetic host and impurity 
ions. Ir other words, when an impurity, with so long a spin- 
lattice relaxation time as not to broaden its own reso- 
nance spectrum, is doped in a fast relaxing: paramagnetic host, 
the impurity resonances will be sharp. This idea is supported 

by a number of experimental observations starting with 
4 8 - 3 + 

Bleaney et al. who observed B1?R of GB in fast relaxing Ge 
ethyl sulphate. In most of the cases the maximum resolution 
of the spectra is observed at room temperature except for 
Cu in -Lutton salts where it was observed at a lower 
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temperature. At temperatures as high as room temperature 

( 'V 500 iC) , these systems meet the reauiremeut that the hosts 

* 

are fast r^lajcing and impurity is long enough that it is 
not the source of its own line broadening. The primary 
candidates for the observation of this narrowing are the well 

'y' I Oj.. 

known slow relaxing S-statc ions Gd'^ end Mn*^ . In lantha- 

5+ 

nide group all the tri valent ions, except Gd , are fast 

relaxing due to Orbacb mechanism and therefore are suitable 

as hosts for the observation of this narrowing in the EPR 
3 + 

spectrum of Gd . However, in iron group the fast relaxing 

hosts arc those for which the orbital angular momentum is 

2+ 

not quenched, as for example Co . Since the present study 

2+ 

is confined only to Mn doped iron groun host lattices, 

we will restrict ourselves to iron group metal ions. In 

2 ^- 

what follows, we show that Co ions are suitable host ions 

2+ 

for this narrowing to occur in Mn spectra. 

Since this narrowing effect is not well understood, 

it will be worthwhile to show that the requirements of the 

earlier section for motional narrowing to occur are mot 
2+ 

for Mn doped cobalt salts. The schematic diagram, showing 

2+ 

the relation among the systems involved in Mn line narrow- 

2 - 4 - 

ing mechanism at 300 K due to rapid relaxing Co ions, is 
given in fig. II-2. The total spin-Iiamiltonian of the system 
can be written as a sum of three parts s 
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Ji. 

_ '■o m <3 

Here J{^ is the unperturbed spin-Esmid toiiirn vhich gives 
rise to the positions of spectral lines (Zeeman interaction 
mainly), is the liamiltonian, wliicli causes the modulation 

of dipolar and exchange interactions between host and impuritjr 
and is identified by the spin-lattice coupling of the host 
i.e„ mainly suijerposition of host spi’i-orbit and orbit-lattice 
coupling. '^6 is the tirae dependent perturbation taken to 
be the host-i.npuri ty dipolar and exchange interactions and 
is the sum of -^o-iin shown in Pig. II-2. 

further and (x component of the magnetic moment of 

resonating spins) contain only impurity spin operatorsp 
tho comiTiutat ion relations, 

hold . does not commute with bee ruse contains 

both host and impurity spin operators and will obtain 

a time dependence from by Eq. (II. 16), It remains to 

show that Ji.^ can be greater than and that no large 

matrix elements of connect the states of ,PCq‘ -As 

-1 7 8 

is typically v 0.01 cm (,i.o. 10 - 10' fiz in frequency 

unite), the host spin-lattice relaxatio:! time should be 

— q q 

fester than -vlO sec (i.e. 10 Hz) for narrowing to occur. 

In iiiost of the cobalt salts it is Co'rtainly true at higher 
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temperatures (a- 300 K) ^-nd the condition 

fulfilled. Further, with tho conwntionpl spectrometers 

(X-bgnd in our case), th-e dipolar interaction is alwa^/s 

smaller than tho Zeeman splittin^o^, which meets the second 

condition that no large matrix elements of Jt^ connect 

the states of Thus the conditions for the ohserTa- 

2 + 

tion of sharp EPR spectiium of Mn in cobalt salts at 
-v- 300 K due to host spi n-lattice relaxation narrowing are 
fulfilled. The confirmation of the fact that this narrow- 
in, is onlj/ due to host spin-lattice relaxation narrowing, 
and not due to the exchange narrowing? can bo made by 
lowering the temperature of the crystal from 300 K. In the 
Cfse of exchange narrowing, there will be almost no tempe- 
rature dependence of the impurity linewidtli until one 
goes much below 77 K. While for host spin-lattice relaxa- 
tion narrowing, the widths of ijupurity resonance lines 
should increase on lowering the tomperature because the 
host should increase on lowering the temperc?ture and 
will then he not able to average out the dipolar inter- 
action as effectively. Earlier unexplained data regarding 
broadening of impurity resonance lines on lowering the 
temperature, as in Cu doped K2Co( ) 2* 6F2O , Mn 

doped (1111^)2 00(804)2-61120,^*^ and Gd^"^ doped in many 

51 

lanthanide ethylsulphatee , can be satisfactorily explained 
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47 

by host spiii--lattice relaxation narrowing theory. Mitsuma 
has earlier explained iiis results of Or^'*' dored K^I’e(Gn)g 
on the seine lines. 

besides, when the conditions for host spin-lattice 
relaxation narrowing are in effect, the impurity linewidth 
will reflect th^- host In the absence of ary rigorous 

foxmulation of the lineshape when narrowing is present, it 
will be a very satisfactory approximation to take the width 
given by Eq. (11.41) i.e. <w^>/a)^, where << j ^ > is the mean 
squared width in the absence of narrowing and is the 

average rate at which the broadening interactions are modu- 
lated, which here will be the inverse of host How, as 

the exchange between unlike spins also adds to the broaden- 

2 

ing, the contribution, to <[o > will be from both dipolar and 

exchange interactions, where the latter is ge.uerally 

unknown. However, for an estimaticn of the order of host 

the following approximation for <a)~> in field units 
43 

can be made; 

= 5.1 (gj2n)^ & (S + 1) (11.42) 

where all the terms pertain to the host end n is the density 

of host spins per c.c., which can be ca.lculated from the 

2 

crystallographic data. This value of will be the lower 
2 

limit of <03 > as we have neglected exchange contribution. 

47 

Thus the formula of host T 2 _ can bo written ass 
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T3_(liost) = (h/gj^ogt <5/20) X (aH.^jj/h/) 

( 11 . 45 ) 

Here the contrihution due to non-secular terms has been 
taken into account by using the factor (l0/3). From the 
observed lincwidth aH of impurify-, one can estimate host 
These studies, may thus be utilized to estimate the 
extremely fast spin-lattice relaxation times at higher tem- 
peratures. 

SPIF QUENCHINGS 

Another process which produces sharp EPR spectra of 

impurity ions in paramagnetic hosts is spin quenching. In 

spin quenching, the host-impurity dipolar interaction is 

reduced by an actual decrease in the magnetic moment of host 

ions (e.g. Ni ions). It is known from motional narrowing 

theory (described earlier) that the linewidths with or 

without narrot.ing are < u > / or '{<m ^ , respectively/, 

2 

where <u) > is the mean squared dipolar fluctuation, and 
that linewidth is a function of the magnetic moment size 
in both cases. Further the reduction of the magnetic 
moment results from the quenching of the spin by crystal 
field and spin-orbit coupling through complete removal of 
the degeneracy. Here two cases may arise depending upon 
whether the spin is completely or partially quenched. The 
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complete spin quenching occurs for non-Kramers host ions 

with very low site symmotrys, i.e. rhomoic or lower. This 

makes the magnetic moment of host ions entirely of second 

orders causing an acute reduction of the mean squared 

2 

dipolar fluctuation j < w > . At temperatures greater than 

the zero field splittings of host ions (in temperature 
units), the susceptibility measurements do not indicate, 
whether the spin is quenched or not, because eventhough 
the magnetic moments of the host ions arc reduced, the 
increased splittings botwuen the energy states result in the 
increase of the population difference causing the suscepti- 
bility to be basica.lly the same. Therefore, the only way of 
seeing spin quenching at high temperatures, due to low site 
symmetry is the observation of sharp BPE spectra of an 
impurity ion in such a paramagnetic sample. 

2+ 

From the above discussion, Ni ions come out to 
be suitable examples for spin quencning because these are 
commonly occurring non-Kramers ions and in many compounds, 
such a^ nickel Tutton salts,^^ Ni(GH^GOO ) 2.4iip0 HiSO^ . 
and ^1(0112)5* (^0^)2? known to have rhoxabic site symmetry, 

2 + 

Jsing the expressions of the energy states for Ni 

5 2 

in all orthorhombic crystalline field, the instantaneous 

2+ 

magnetic moment of Ni can be written ass 
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ins 


aw 

n 

SH 


= 0 , 


+ 


2 2 


(A. 


2p2.,2a/2 


+ g^8 ri^) 


= 0 , + ( 11 . 44 ) 

[1 + (A^^/g^H)2]l/2 

where is the energy of state n and contains the crys- 

2+ 

tal field parameters of ajid its value depends upon the 

orientation of the magnetic field, H. Above expression for 

shows the values between wlrich the Ni magnc tic moments 

fluctuate, and which are responsible for mean squared dipolar 

2 

fluctuation, <ui > • ¥hen zero field term A ^ »g|3H, the 

L/ X 

magnetic moment of Ni and hence <ta‘^> will be reduced by 
a sizable factor. This will give sharp spectra of impurity, 
which, as implied by the expression (11.44), will show aniso- 
tropic and field dependent linewidths. In the earlier 
5i 6 — S S 2“!" 

studios of Mn doped nickel salt single crystals, 

these features of iaipurity linewidtli have been observed. ATow 
wo will first discuss and explain them more convincingly in 

53 

terms of spin quenching idea. Upreti observed a large 

2“f* 24“ 

anisotropy of Mn linewidth in the EPR of Mn doped 

potassium and ammonium Tutton salts. In both the cases 
2+ 

Mn spectra were almost broadened out for H along the Z-axis 

2+ 

of one sot of equivalent Fin complexes, while sharp spectra 

58 

were observed for H along the X-axis. Upreti explained 
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this complete broadening and disappearance of spectra due 
to cross-relaxation between Mn and hi ions. But it seems 
more convincing to explain the above observation in terms of 
spin quenching idea. The values of A for £ along the Z, 

Z and Y axes are B, (lH-B)/2 and (D-E)/2, respec tivel;/ , 

i 24- 

where D and n ajre the crystal field parameters of hTi in 

these saJLts. When H is along the Z-axis, one set of ions in 

unit cell has = E and|Elis not much larger than Zeeman 

energy, gpH ('^0,3 cm ^) , in both Tutton salts (see Table 

II-2). This causes an increase of Ni magnetic moment and 

consequent increase of linewidth aJ-ong the Z-axis. At the 

same time, when H is along the X-axis, A = (I>i-E)/2 for 

O X 

the above set of ions and H for other set of ions lies nearly 
along the Y-axis which gives an A.„ value of (I)-E)/2. Both 

O X 

■^cr values axe much larger than the Zeeman energy and hence 

2 + 

the consequent narrov/ing of Mn lines for H along the X- 

2+ 

and Y-axis. Further, as the magnetic rnc.rient of Wi , ii-„_s 

iXiS 

is a function of field orientation, so will be the linewidtn 
2 + 

of Mn . Thus there will be a linewidth anisotropy. Also 

it is noticed, from the comparison of the EPR spectra of 
2+ 

Mn for h along the Z-axis in the two Tutton salts, that 
2 + 

the Mn lines are narrower in potassium salt than those in 

ammonium salt. This is, what is demanded by the above dis- 

2+ 

c us Sion as the magnitude of 'E’ of Mi in potassium salt 
is greater than that in the ammonium salt. 
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Tabic II-2 

2 -'- 

Spin-Hamiltonian parameters of Ni ‘ in various 
nickol salt sin^o crystals. 


Crystal 

Temp. 

Og 

I 

( cm“^) 

E 

( cm~^) 

g 

Ref. 

Orthorhombic 

Site Symmetry 



(NH4)2Ni( 304)2. 6H2O 

290 

-2,24 

- 0.38 

2. 25 

( 52 ) 

E:2Ni(S0^)2.6H20 

290 

-3.5 

-0.55 

2. 25 

( 52 ) 

(hH4)2Ni(Se04)2.6H20 

290 

-1.89 

1 

0 

2. 25 

( 52 ) 

£ 2 ^^ 1 (0604) 2 * 6 H2O 

290 

-3 

-1 

2. 25 

(52) 

Tl2Ni(S04)2.6H20 

290 

-2.65 

-0.10 

2. 25 

(52) 

M(CH2C00)2.4H20'^ 

1.3-20 

-5.61 

00 

• 

0 

1 

2. 24 

(53) 

HiS04.7H20 

290 

-3.56 

-1.5 

2.2 

(54) 

NiGl2.6H20 

77 

-1. 2 

0.15 

2. 2 

(64) 

Ni(N0^)2.6H20+ 

1.3-20 

-6.07 

-1.86 

2. 25 

(55) 

Trigonal Site 

Symmetry 




FiSiFg.6H20 

290 

-0.5 

0 

2.3 

(65) 

hiSnClg .6H2O 

4.2 

+0.455 

0 

2.3 

(66) 

La 2^1^^ (hO^) 4 2- 24h20(X) 

77 

-0.03+.02 

0 

2. 24 

(67) 

la2Ni^(l'T03)^2* 24H20(Y) 

77 

-2. 20+.02 

0 

2. 24 

(67) 


+ From studies other than paramagnetic resonance. 
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2+ 

Now we will discuss the field dependence of Mn 

56-58 

linewidths in nickel salts as observed earlier. ^ It is 

2+ 

an expected result since the magnetic moment of Ni 

-Lus 

given by Eq_. (11.44), is field dependent. The field dependence 
of linev;idth adds to the information, whether or not a narrow- 
ing process is operative. By coupling the expression for 
with the expressions for linewidths vd.th or without narrowing, 
i.e. <to > / or f , the field dependences are found 

to be quadraitic with narrowing and linear without narroviring. 

59 

Moriya et al. obtained the same results in a more rigorous 
way. This way the information about the narrowing process can 
be made available, if the Quadratic dependence is observed. In 
many of STi^"^ compounds, listed in Table II-2, the BPS. of ETi^'*' 
is observed at room temperature implying their spin-lattice 
relaxation •nisrBa»i<[WiiriHrg would be too slow for host spin-lattice 
relaxation narrowing to be operative. Thus, in these salts 
if there is any narrowing of impurity (e.g. Mn" ) resonance 
lines other than that due to spin quenching, it would be due 
to exchange interaction. Earlier field dependent linewidth 
data of Mn^"^ doped in I'Ti(CH^COO) 2 * 4 H 20 ,^^ and ETiSO^ . 7 H 2 O , 
were fitted to both linear and quadratic forms with the result 
that neither fit the data very well, implying the existence of 
some intermediate case. 
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Besides, the linewiclth of impurity also reflects the 
zero field splitting of the host ions and the anisotropy of 
the linewidth results as a consequence of the changes in 
the energy level pattern of the host. In principle, the 
zero field (or crystal field) parameters of the host could 
be detoripined from the angular dependence of the linewidth 
of impurity, but in practice, factors like the extreme line 
broadening and the presence of more than one ion per unit 
cell would make their determination unreasonable, and henco 
other methods are preferred. In conclusion, eventhough many 
linewidth effects are observs-ble, only little quantitative 
information can be easily extracted from these. 

Further for such systems, the impurity linewidth is 
expected to show v-'r/ little temperature dependence until 
temperatures low enough to be comparable with energy 
separations of spin states (in temperature units) are reached. 
The temperature dependanco can be explained by observing 
that will be unchanged, but their weights in the average 

for the mean squared dipolar fluctuations will change. However, 
for temperatures greater than the energy separations (in 
temperature units), the weights will be effectively equal, 
but x^hen temperatures are smaller than the energy separations 
(in temperature units), the average will depend on the statis- 
tical x-feights. Thus in the temperature range (300 K to 77 K) 
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2 + 

no appreciable change in linewidths of Mn in nickel salts 
is expected as the former condition holds. The same results 
were also obtained by Moriya et el. from a rigorous 
mathematical formulation. 

2+ 

Fe ions in low symmetry crystalline fields are the 

only other iron group ions where spin quenching is expected 

to be operative. These are diffeient from Ni^"^ ions because 

the host spin-lattice relanetion narrowing is operative here 

along^fith spin quenching and it is expected that a combined 

24 ’ 

effect of the two processes will be observed. Further Fe 
ions have large ZF.3, and this leads to the quenching of 
magnetic moments very effectively. Thus one would expect 
little or no influence of temperature on impurity linewidth. 
This is what has been observed in earlier studies on 
(i'TH^)2Pe(g04)2.6H20:Mn^'^ and FeSiFg . 6H2O :iTi Hovrever, 

the width of Cu^"^ in ( 1\TH^ ) 2^’'’* ( SO^ ) 6li20 broadens on lower- 
ing the temperature, -svaith a maximum at 13 K. Details about 
2+ 2+ 

Mn doped Fe Tutton salts will be d: scussed in Chapter V. 

Mother case of pa.rtial quenching arises when the 
symmetry of the crystal field is not low enough to remove the 
host ion spin-degeneracy completely. Further, where the 
singlet lies lowest, the situation of complete quenching can 
be achieved by populating this singlet exclusively by thermal 
means i.e. by lowering the temperature. i\lso this thermal 
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restriction to a singlet state will diminish the fluctuations 

between states and thus there will remain no temperature 

dependence of the dipolar field. Here again the non-i<f amers 

ions will give singlet ground state. This sort of ions, 

which can be used as hosts, are usually found in lanthanide 

group because their singlet ground states are separated 

from first excited states by the energies of the order of 

? 7 -1 

the spin-or'oit coupling i.e. 10 -10 cm . V/ith this much 
of energy separation, to populate only the ground singlet by 
thermal means is relatively easy and may only require tem- 
perature in liquid nitrogen range 77 H) . But in the case 
of iron group ions this separation is about 0.1 - 20 cm~^, 
and liquid helium temperatures are required to populate only 

the ground singlet. Various iron group ion impurities have 

63 

been studied in a-Hi30^.6H20 and HiSeO^ , 6^^0 , which belong 


to the latter case. 
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CHAPTEE III 


EXPERIMlTAL 


AJSTRAGT 

A brief description of the experimental set up used 
in the EPR studies - Varian 'V-4502 X-band EPE, spectrometer 
fitted with V-4540 variable temperature accessory, a crys- 
tal rotator and a quartz dewar used for studies at liquid 
nitrogen temperature (77 K) - is given. The growing of 
doped single crystals from aqueous solutions is also 
discussed. 
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EPR SPBOTROMETERs 

The experimental EPR studies were carried out on a 
Varian V-450 2 EPR spectrometer"^ operating at X-ban.d micro- 
wave frequency 9.5 &Hz) and provided with a 100 kflz field 
modulation. Pig. III-l shows the simplified block diagram 
of the spectrometer. The Varian V-4540 variable temperature 
accessory (range 77 & to 570 K) was used with the spectro- 
meter to carry out the temperature variation studies. An all 
quartz dewar, suitable for use with liquid nitrogen, was 
used for studies at 77 S. A 9 inch Varian electromagnet, 
rotatable about the vertical axis and equipped with 'PieldiaH.' 
magnetic field regulator, was used. It provides a very 
homogeneous magnetic field in the air gap (2.625 inches) and 
the field can be varied from near zero to about 10 kO. DPPH, 
with g = 2.0036, was used as the standard field marker by 
fixing a small speck of DPPH on to the sample. The magnetic 
field at DPPH resonance was measured by proton resonance 
using a Varian P-8A flux meter and a Systronics Gounter- 
timer Type 701 (Sr. Ho. 016). The EPR spectra were recorded 
using a Varian G-14 strip chart recorder. A Varian V-4531 
multipurpose rectangular cavity operating in the niode 

was used. 


'V-4502 EPR Spectrometer System Manual' Varian Associates, 
California. 












75 


CRYSTAL ROTATOR ARL DETiiiRimTATIOR OP AXES; 

Angular variation EPR studies of the doped crystals 
were carried out using a. Parian B-229 goniometer sample 
rotator, which rotates the crystal in increments of 0.5° hy 
means of a gear drive about a vertical axis. This goniometer 
is physically attached to the multipurpose cavity. In addi- 
tion, for spatial orientations a crystal holder, shown in 
Pig. III-2, was employed. This provides the rotation of 
the crystal within the cavity about a horizontal and a 
vertical axis without removing it from the cavity. This 
facilitates the alignment of any desired axis of the crystal 
along the Zeeman field direction. Here the rotation of the 
crystal about a horizontal axis was achieved by means of a 
thread and shaft arrangement (also called string drive method). 

The directions of the crystal field axes (X, Y, Z) were 

determined from the angular variation of the EPR spectra 

emplo3?’ing the following me thod ; the crystal was rotated 

independently about a horizontal and a vertical axis and the 

2+ 

direction of maximum spread of the fine structure of Mn 
EPR spectra was obtained. This direction is termed as the 
Z-axis. Then the crystal was rotated in a plane perpendicu- 
lar to the Z-axis and the directions of maximum and minimum 
spreads of the spectre in this plane were determined, which 
are called the X- and the Y-axis, respectively. 
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GRySTAL GROWING; 

The doped sirxgle crystals of all the compoimds, 
studied in the present thesis , were grown hj;" slow evapora- 
tion at constant temper'^ ture of the saturated distilled 
water solution of the particular salt containing ^ 1 % of 
the corresponding manganese salt hj/ weight. All the chemi- 
cals used in growing the crystals were of AR grade, Potassiiam 
Tutton salts of cobalt, ferrous, magnesium and zinc were 
prepared by taking equimolar ^ 2 ^ 0 ^ and the corresponding 
metal sulphate heptahydrate (MG0^.7H20) salts and the grown 
crystals were analysed for the percentage of hydrogen to 
make sure that the grown crysta.ls are hexahydretes onl3?'. 
NiSeO^.bli^O crystals were crystallized from aqueous solution 
of nickel selenatc, prepared by the reaction of selenic 
acid with JMiCO^. These, on mixing with equimolar (l'TH^)2SeO^ 
and on preparing saturated distilled water solution for 
slow evaporation, give ( ) 2Ri( beO^ ) 2- 6H2O crystals. In 
case of highly hygroscopic hexequome hal nitrate crystals 
the aqueous saturated solutions were kept inside a dessicator 
over anhydrous CaGl2 or 112^0^ and left for slow evaporation. 
In the case of Go 30 ^. 7 H 20 crystals, two types of doped crys- 
tals were obtained, which are morphologically different and 
were also found to grow in two different temperature ranges 
about the room temperature. The crystals of Type I (CoiJH(l)) 
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^revj- by slow evaporation ot room temperature in winters 
which is below 298 K, These crystals were prismatic with 
hexagonal bases end were found to dehydrate readily on 
exposure to atmosphere. In summer, 0o3H(l) crystals were 
grown by keeping the growth solution in a refrigerator 
maintaining temperatures below 298 h. These crystals of 
type II (CoSH (II)) were grown by slow evaporation at room 
temperature in simmers which is higher than 298 K. These 
crystals were rectangulen needles and were more stable 
towards exposure to atmosphere than GoSH(l). All the crys- 
tals, which are either hygroscopic or dehydrate readily 
on exposure to atmosphere, were protected against exposure 
to atnaosphero by coating them with petroleum jelly and para- 
ffin oil mixed in ratio 1;1, A good quality nailpolish was 
also found to work nicely for the protection of these crys- 
tals against exposure to atmosphere. 
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ELEGTROi'I PARiiMAGICETIG RabON^lRCR STURf OP ROPE] 

IR MAGKEdlUG, GORRl.'T ;RTR NICKEL aGBTATE 
TETRARYRRaTE SIRGLE ORVdT/J/S’^ 


JIB 3 TRACT 

2+ 

A comparative EPR study of Mn doped in isomorphous 

single crystals of tetrahydrate acetates of magnesium, cobalt 

and nickel has been carried out from 400 K to 77 K to study 

2 -+- 

tlie effects of the paramagnetic host ions on the E±’R of Mn 
2+ 

ions. Mn is found to substitute for the divalent metal 
ion and exhibits two inequivalent magnetic complexes corres- 
ponding to the bimolecular unit cell of the three isomorphous 

2+ 

crystals. The observed differences in the EPR of Mn in dia- 

and paramagnetic hosts are attributed to the magnetic inter- 

2 + 

action between Mn and the paramagnetic host ions. In addition, 

2+ 

the use of impurity probe (i.e. Mn ) , to measure the extre- 

/ 2 + \ 

mely fast T^^ of host (Co ) ions at high temperatures, is 

2+ 

demonstrated by estimating Co T^ at different temperatures. 


t The contents of this chapter have been published in 
J.Magn. Resonance 39 (1975). 
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IITTRODUOTIOFj 

There are early reports of EPR sxudies of undiluted 

and Zn^"^ diluted Mn(GH^GOO) 2.4H20,^’ ^ later etudies^”^ are 

reported on EPR of Go”^"^? Gu^"*", Mn^”** and doped in 

Mg( GH^GOO ) 2* 4H2O single crystals. Janahirarcan et al.° 

studied EPR of Mn^”*” in E'i(GH^COO) 2*4H20 at room temperature. 

7—11 

A number of other stuGies, such as magnetic susceptibility 

12 

and specific heat measurements at loxir temperatures and 

13 14 

optical absorption studies, were carried out in the 

2 + 2 + 

tetrahydrate acetates of ITi and Go . These studies ha,ve 

revealed very pronounced anisotropy of the magnetic moments 
2+ 2 + 

of Ni and Go which may be attributed to a structural 

15 

peculiarity evident from X-ray studies. This is that each 
metal ion in these substances is surrounded by an octahedron 
composed of four water molecules and two oxygons of different 
acetate groups. The two later oxygens are at opposite 
vertices of the octahedron and this arrangement could con- 
tribute a sufficiently strong rhombic component to the crys- 
talline electric field at each magnetic ion and account for 
the anisotropy. Prom the sin^e crystal magnetic studies 

Mookherji et have shown that the crystal field 

2+ 2+ 

splittings in tetrahydratc acetates of Fi and Co are 

2+ 2+ 

much higher than those in the corresponding Ni and Go 
Tutton salts with divalent ions oc tahedrallj^ surrounded with 
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six water molecules and that spin-orbit coupling in 
Go( CPICOO ) 2* 4H,0 is weaker compared to the anisotropic 

12 

crystal field. Low temperature heat capacity measurements in 

M(CH^GOO) 2*4H20 between 0,43 and 10.73 K have revealed a 

schottky anomaly at 1.98 E and the presence of a small 

2 + 

interaction between Ni ions which can. be described by an 

antif erromagne tic molecular field constant A/k = + 0.08 K, 

largely of dipolar origin. In this chapter we describe our 

results of a comparative EPR study, from 400 E to 77 E, on 
2+ 

Mil doped single crystals of tetrahydrate acetates of 
magnesium, cobalt and nickel, hereafter to be referred to 
as MgAc , CoAc and PiAc, respec tiirely . 

CRYGTAL GTRUGl’UESs 

I'he crystal structure of MgAc has been determined by 
If- 15 

bhaiikar et aR. Van iJiekcrk and Schoening have determined 

17 

the crystal structure of CoAc and Li Ac. later Lownie et al. 
have reported slight modi-'ications in the crystal structure 
of ITiAc. Th's. crystals of MgAc, GoAc and RiAc are isomor- 
phous. The unit cell is moiioclinic and contains two molecules 
related by the operation of the space group 'F2j^/c • The unit 
cell dimensions are given in Table IV-1. For the space group 
'S2-^/q, the positions of the atoms are, 


(0,0,0) and (0, l/2, l/2) 



Crystal structure parameters of tetrahydrate acetates of magnesium, 
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for Nij Co or Mg atoms, and 

+ (x, y, z 5 z, 1/2-y, z + 1/2) 

for other atoms and molecules. 

The monoclinic structure of M(CH^COO ) 2* 4H2O (M=Mg,Co 
or M), projected along its a-axis, is shown in Pig. IV-1. 

In this structure Ga,ch cation, is surrounded Toy a 

distorted octahedron of four water molecules and two oxygens 
of the t’wo different caxhoxyl groups. The distances of 
thesis six oxygen ligands are given in Table IY-1 alongwith 
thu unit cell dimensions. 

BnaULTa MD discussion; 

2+ 

/uigular variation studies of the SIR spectra of Mn 

2+ 

in single crystals of MgAc , GoAc and NiAc show tha.t Mn ions 
occupy the two magnetically inequivalent Mn^"*” sites. The 
principal axes of the two inequivalent complexes have been 
obtained by getting the extrema in fine structure spreads. 

The EPR spectra at 300 and at 77 K for the Zeeman field, H, 
along the Z-axis of one sot of equivaSLent complexes in 

MgAc are shown in Pig. IV~2. The corresponding spectra in 
NiAc and in Co Ac at 300 K and 77 K ere shown in Pi.gs. IV-3 
and A , respectively. The observed angular variation of the 
spectra can be described by an orthorhombic spin-Ramiltonian. 
The £PR spectra have been analysed for spin-Hamiltonian 
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♦ 


c* - axis 



• Carbon 
0 Oxygerr 
® CH3 
A HoCi 

A 


ig !V 1 ; Projection of the atoms in the be* plane for crystals 
of tetrahydrate acetates of Mg , Co and Ni . Here 
c*-axis is perperuticular to both a- and b-axes. 

W-] , W2 » W-i and W2 are the water molecules and 
0 i and O2 are the oxygens of the two acetate groups. 
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Fig.lV-3.- TheEPR spectra of Mn^"’ in Ni(CH3C00)2-4H20 
at 300K and at77K for H along the Z-axis of 
one set of equivalent Mn^"^ complexes. 




Fig.IV-4.’ The EPR spectra of in Co(CH3C0C)2'4H20 atSOOKand at77K 
for H along the Z-axis of one set of equivalent Mn^'" complexes 
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parajuoters (the details of analysis are give-n in Chapter II-B) 
and the best-fit paranotcrs , thus obtained, are listed in 
Table IV- 2. 

A comparative study of the BPR spectra of Mn^'^ doped 
in MgAc , GoAc and HiA.c reveals no appreciable differences in 
the general properties of the Mn^"^ complexes, like the strength 
and symmetry of the crystal field at Mn^"^ site , the angle 
between tho A-axes of the two inequivalent complexes, etc. 
ns the crystai field parameters and the angles between the 
Z axes of the two inoqui valent complexes are very nearly 
the same in the three hosts, it can be concluded that the 
ligand coordination around the divalent cation is almost 
the same in MgAc , CoAc and ITiAc. Also it has been found 
that Mn-Wi (see Pig. IV-1) forms the Z-axis of the distorted 

octahedron of four water molecules and two oxygens surround- 

2+ 2+ 
ing tho Mn ions substituting for M ions. 

On going down to 77 K the dominant crystal field 
paramoter ’1' is found to increase by about the same amount 
in all the three hosts, due likely to the shrinkage of 
lattice at lower temperatures. On going above 300 K, no 
appreciable change is observed till only a six line spectrum 
is observed at 400 K due to dehydration of the crystals. 

A decrease in the leakage current and an imbalance in the 
/iFC mo ter are observed at ''^AOO K due to change in the Q 
of tae cavity resulting from the dehydration of the crystals. 
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In addition to the aforesaid similarities, there 

2+ 

are certain distinct features observed in the BIR of Mn 
in Colo and NiAc. Tiit.se ac'ditional features are a negative 
shift in the g_-veiue and typical linewidth variations. 

Me v/lll no'»' discuss these features in CoAc and liiAc sepa- 
rately . 

K i ( CII^ 000 ) 2 . 4 h gO ; rti^ ' 

Janakiraman and Upreti° reported the BPR of Mn doped 

2+ 

in j-iiAc at 3>00 K. They observed a negative shift in the 1-In 
g^-value from the free spin value and a monotonic increase 
in ■^be widtkT of resonance linos with the intensity of 

the Zeeman field. ¥e have carried out the SPR studies of 
doped in Hi Ac at 300 K and at 77 In addition we 
hrve carried out a temperature variation study from 400 E 
down to 77 K. Me found that the linewidths and their beha- 
vior remain unchanged on going to lower temperatures upto 
77 K. how over, the negative shift in the g^ -value gets 
onhrnced at 77 K (see Table IV- 2). The observed features 
can bo cxplglncd to be dut- to the magnetic intcra-ctions 

18 

between Mn^'^ and the host Hi^"^ ions following Moriya et al. 
and Hutchings et al.^^ along>Tith the sp?-n quenching idea, 
discussed in Chapter II-C. There is no appreciable change 
on going above 300 K till the dehydration temperature. 

+ Width or linewidth in the present thesis is used for the 
peak-to-peak width of the first derivative resonance lines. 
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Co(OiijGOO) 

2 + 

liiPH studies of Mn doped Co Ac single crystals have 

been cerried out for tho first time to observe the effect of 

2 - 1 - 2 + 
the paramagnetic host Co ions on the B?R spectrum of Hn 

24- 

Tho widths of Mn resonance lines in paramagnetic OoAc at 
300 K are much larger ("^32 G) compared to those encountered 
in diamagnetic host e.g. MgAc , in whioh we have observed 
f-.he Mn^'*' linewidtlis to bo around 12 G. 3y comparing the 
spectrum of Mn^^ at 300 iL in Co Ac with that in MgAc we find 
that in CoAc tho In linewidths associated with various fine 
structure groups show an unusual variation and there is a 
negative shift in the Mn^"^ g^-value. The linewidths associated 
with the fine structure groups + 5/2'^+ 3/2 are 23 + 3G, 
while those for + 3/2 ^+1/2 are 37+3G. The linewidths for 
tre line structure group + 1/2 -<-^~l/2 could not oe measured 
nccurctely due to the overlap of the spectrum due to the 
second complex. However, these are estimated to he larger 
-chan the linewidths of the fine structure groups +3/2 1/2. 

This variation of linewid-chs with fine structure groups is 
opposite to the variation generally observed in diamagnetic 
hosts, due to the broadening effects of the crystal field 
inhomogenoities on the narrow BPR lines. Also the crystal 
field inhomogeneitics cause a broadening of a few gauss only 


and their effect will not be perceptible on the much larger 
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linewidtlis in pai'am^giiotic Go Ac. Same type of linewidth 

variation has been reported by Sharma^^ in the EPh spectra 
3+ 2+ 

of G-d • (o-state ion like iin ) doped in some paramagnetic 
rare earth trifluorides at 300 K. 

In principle, the study of widths and shapes of BPE 

lincf, can be used to understand the interactions between 

the various ions involved. For a multilevel ion, like 
2+ 

Mn , it is theoretically expected that the lineshapes will 

depend in a complicated way upon the relaxation transition 

22 2 + 

probabilitics betwc-cn various levels. Further, Mn has 

2 + 

hyi:)erfinG structure, so it is difficult to interpret Mn 

2+ 

linos precisolv. However, there are two features of Mn 
linos iii Co Ac distinct from those in MgAc at 300 K viz. much 
larger linewidths and the increase of linewidths as one goes 
from outer fine structure groups + 5/2-«-»- + 3/2 towards the 
central group + 1/2 -^-l/2. The presence of a net magnetic 
moment on Co'^"'’ at 300 K is known from other magnetic 
studies. The large width of Mn^"^ resonance lines is 
due likely to tno fluctuating magnetic field created by the 

94 - 2 + 

Go magnetic moment. The unusual variation in Mn line- 

widths witn various fine structure groups may be due to an 

unequal influence of exchange interaction upon various 

2+ 

AM = + 1 transitions of Mn 
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On lowering the temperature of the crystal, it is 

found that the linewidths of all the Mn^"^ fine structure 

groups increase so rapidly that the well resolved spectrum 
2+ 

of Mn completely broadens out at 135 + 5 K leaving just 

a broad band at the centre (See Fig. IV-4). On raising the 

temperature again the well resolved spectrum reappears 

indicating that the smearing out of the spectrum is due to 

increased linewidths. This has further been confirmed by 

lowering the temperature in steps and measuring the line- 

widths (See Table IV-3 ) . For Mn severe line broadening 

and its striking temperature dependence due to the presence 
2 + 

of Go ions have also been observed in the paramagnetic 

23 2 + 

sta.te of EbMnF'^. Co ion being a fast relaxing one as 
24 * 24 - 

compared to Mn or Ifi ions appears to be responsible 
for the highly temperature dependent linewidth effects. 

This unusual temperature dependence of linewidths 
can also be described, following Mi tsuma assuming narrow- 

ing at 300 K by a model similar to that used in the case of 

narrowing by exchange interaction.^^ The model (as described 

2 + 

in Chapter II-C) is that the interactions between Mn and 

Go^’*' ions (dipolar interaction, exchange interaction etc.) 

are randomly modulated by rapid spin-lattice relaxation of 

Co^'^ ions. At 300 K the spin-lattice relaxation time (T^) 

of Go^"'" host ions is fast enou^ to average out the dipolar 

24 * 

interaction resulting in the narrowing of Mn lines. On 
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2+ 

lo'Wc:ring the tempcrrture Oo T 2 _ increasos and j therefore, 

is not ahlo to average out the dipolar interaction as 

cffectivelv ns at higher temperatures. This will result in a 

broadening of Mn lines. The increase of linewidth with 

decreasing temperature and consequent complete broadening 

of the spectrum at 'vl55 h are what we have observed in 
2+ 

Wn doped Co Ac. This temperature dependence of linewidths 

is the identifying feature of the host spin-lattice relaxa- 

2 + 

tion narrowing effect in rin doped OoAc. Further, when the 

conditions for the narrowing are in effect, the impuritj^ 

linewidth reflects the host T^ (here Go ). Using Mitsuma’ s 

formula, as described in Chapter II-G by Eq. (11.43) > we 

2+ 

have calculated T 2 _ of Co in Co Ac at various temperatures. 

Taking g-value of Co^"^ in Co Ac to be 4.5?^’^ 8^(3 calculating 

n, the density of spins per c.c., from the crystallographic 

data,^^ hg is calculated to be 305 &• Using this value of 

thi; calculated T^ values of Co“''' at various temperatures 

2 + 

arc listed in Table IV-3 along\Tith the linewidths of Mn . 

2 + 

The magnitude of the g-value of Mn in CoAc ad ong 
the principal Z-axis is less than the free spin g-value. 

In the case of EPR of Mn^"^ in MgAc^ at 300 K the gg-value 
was observed to be 2.0069, larger than the free spin- value, 
CoAc is isomorphous with MgAc , and one cxpec rs the same 
magnitude of zero field splitting of frln in this case also 
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(wh-iCii is jTGplly "thG cpsg) and a corresponding positive 
shift in tbo g -value. The negative shift in the g^ -value 
is, most probably, due to Co^"^, f^hich produces a local static 
magnetic iield at Mn ions. Hence, if we a.ssume that the 
shift in the g^-value in GoAc from that in MgAc is purely 
dae to Go'^ , the local field at hn^'*' is 'vl2 G for Zeeman 

Ojl 

field alonp, the Z-ajeis of one set of equivalent Mn‘^ complexes. 
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ELECTRON PAEiMAGWETIC EESONiiTOB OF 
IN SOI® TUTTON SALTS 

ilBS TRACT 

2 + 

BPR investigation,'^ have been carried out in Mn doped 

isomornhous single crystals of ME:2( ^^ 4 ) ’ Tutxon salts, 

vfhere M = Go , Fe, Mg and Zn, at 300 K exid. at 77 K and at 

X-band. In addition, EPR of JVIn^'^ doped single crystals of 

2+ 

Ni(NH 4 ) 2 (Se 04 ) 2 - 6 H 20 has also been studied at 300 S. Mn has 
been found to substitute for divalent cations exhibiting two 
magnetically inequivalent complexes. The EPE spectra have 
been anaXysed using a spin-Hamiltonifn of orthorhombic symmetry. 
The additional features observed in the EPR spectra of Mn 
in paramagnetic hosts have been attributed to the magnetic 
interactions between Mn^'^ and the paramagnetic host ions. 
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INTROJjuCTIOH: 


I’utton salts iirve been studied by EPIi ^.ince the early 

days^ ’ ^ mainly in salts with Ui^"^ and Gu^'*’ divalent cations^"^ 
2+ 

and in Mn doped single crystals of ammonium Tutton salts j, 

■v±■^. M( ) 2( bO^ ) 2* 6fl20 where M = Mg, Zn,Go ,Pe jNi and potassium 

7 — 14 - 

nickel Tutton salt, FiK2( bO^ ) 2« 61120 . ' In addition, a 

2+ 2+ 2+ 

number of other transition ions, such as Gu , VO , V , 

3+ 2+ _L, 

Gr and Co , have also been studied by doping these in 

various Tutton salts This chapter conta,ins the results 
of our BPR studies on Mn doped single crystals of four potas- 
sium-metal Tutton salts, MKpC ) 2* ^^2^ ’ where M = Co,Pe,Mg 
and Zn, hereafter to be referred to as GPSH, FPSH, MPSH and 
ZP3H, respectively and ammonium nickel selenate Tutton salt, 
i'Ii(I'iU4}2(beO^) 2‘6H20, abbreviated as FlSeH. 

CRY3T An S TRIG TUBE i 


GP3H, MPSH, ZPSH and FASeP belong to a family 

of isomorj^hous compounds, known as Tutton salts. The general 
chemicail formula of a Tutton salt is of the form 

f 2l“ -1^ 2i“ 

M" vL, (X0^)2-6H20, where M" is a divalent cation (Mn , ie , 

Co^*^, Cu^"^, Zn^"^, Mg^"^ or Gd^"^) , M» is a monovalent ion 

(.IH4+, K"^, Rb"^, Cs"^ or Tl'*') and X is S or Se. The unit cell 

of the Tutton salts is monoclinic and contains two molecules 

, 20-21 

related by the space group operation P2^/a. 


The 
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projection of the unit cell of one of the futton salts, "Tiz. 

Mg( ) 2 ( 30^ ) 2 * 6 li 20 , along its Cq ajcis is shown in Fig. V-1. 

i'he divalent cations are situated at the positions ( 0 , 0 , 0 ) 

and ( 1 / 2 , 1 / 2 , 0 ) in the unit cell, while the other atonis 

and molecules are at + (x,y,z) and +(x + ^, - -y, z). The 

divalent csction is surrounded hy a distorted octahedron of 

six wa.ter molecules. Of the many compounds of this family, 

the detailed crystal structure has been studied only for a 

few members. To the best of our knowledge no detailed crystal 

structure studies arc available for these particular members, 

viz. GPSn, FP3H, MP3H, ZPSH and NASeH. Anong these the unit 

20 

coll dimensions of only MP3H, given below, are available, 
a = 9.06 i b = 12.26 i c = 6.107 1 and 

^ = 104°48’ 

RESJLTG AMD DISGUSSIOIT: 

The observed spectra of Mn^’*' and their angular variation 
in CPdri, FPSii, MPSH, ZP3H and NASeli single crystals show that 
ions substitute the two magneticrily inequivalent metal 
ion sites in the unit cell. The principal axes of the two 
identical, but differently oriented, I^In^ complexes have 
been found by obtaining the extrema in the fine structure 
spreads. The IPR spectra at 500 K for Zeeman field, H, along 
the Z-*axis of one sot of equivalont Mn complexes in CPbHy 






a 





0 > 


© 


© 


Mg 

H 2 O (1 ) 
H 2 O (1 ) 
H 2 O (3) 
NH4 

S 


’I lu- monoclintc crystal slruclurt- of Mi>(NH 4 )^(SO,j 
proji'i t(^d along it;^ >'0 axis. The numbers inside the eirclos 
represent the pOfiitiohs of the atoms or molecules along the 
c axis in units of the unit cell dimension along the axis 
( foo - (J. ; 1 1 M)* For the other molecule of the unit cell, 
the tkositiony of Mg and HsOid) arc given. 





FPSn azid MPSH sxb siiowii in Pig^ 'V’—2. Th.© cori’csponding 

spectra at 77 K are shovn in Pig. V-- 5 , Pig. 17^4 shxows the 

corresponding spectre of Mn^"^ at 300 2 and 77 K in ZP5H, 

while Fi^. V-5 shows the i'In spectre in NASeH at 300 K for 

H along and at different angles from the Z-sxis of one set 

of equivelent Mn complexes. In all the cases, the Mn^”^ 

spectra and their angular variation can be described by a 

spin-Hamiltonian of orthorhombic symmetry. AT i the EPE. 

spectra have been analysed and the best-fit parameters, thus 

obtained, are listed in Table V-1 alongX'rith those for some 

other Tutton salts for comparison. Eow we will describe our 

results and their discussion on these five Tutton salts in 

two parts. First part will contain the comparative EPR 
2+ 

study of Mn doped single crystals of four potassium-metal 
Tutton salts, viz. CPSH, FPSH, MPSH and ZP3H, while in the 
second part we discuss our BPR results of Mu'" doped NASeH 
single crystals. 

(a) Comparative EPR Study of Mn^"*" Doped CPSH, PPSIi, MPSH and ZPSH 

A c caparison of the EPR results of Mn^”^ in CPSH, PPSH, 
MPSH and ZPSH single crystals reveals no appreciable diffe- 
rences in the general properties of the magnetic complexes, 

viz. the strength and symmetry of the crystalline field at 
2+ 

Mn sites, the angle between the Z axes of the two magneticaH.il 
inequivalent complexes etc. Prom these nearly same general 






ho CP3’. spectra of in t-lPSH, CPSli and FPSH at 

7 K for H along the Z-axis of one set of equivalent 
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Fiy.V-Ss The EPR spectra of Mn^* in Ni {Wfl4 ) ^ (Seo^ ) „ . 6H.;0 
at 300 K for H along and at different angles 
from the Z~axis of one set of equivalent Mn^"^ 
complexes. 


Spin-Hamiltonien paremeters (non-^ieeman parameters are in units of 10 cm 
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2+ 

properties of Mn complexes, it cari be qualitatively concluded 
that the ligand coordination around the divalent ca.tion is 
almost the same in all the four systems. Further on lowering 
the temperature of the crystals down to 77 K, the dominant 
crystal field parameter ’D’ is found to increase by about the 
same amount in all the four hosts. This behavior of ' D' can 
be doscribcd in part due to the lattice shrinkage 8.s well as 
assumin/j coupling with a dominant vibrational mode. The 
relative importance of the contributions due to thermal 
expansion and to lattice vibrations can not be assessed in the 
absence of hydrostatic pressure data and detailed data on 
teinporature variation of 'I*. An interesting observation is a 
larger 'L' value for potassium salts than that for the corres- 
ponding ammonium salts (see Table V-l). At present we do not 
have any plausible explanation for this consistent observa- 
tion. A detailed crystal structure study should provide 

2 + 

complete information on the M(H 20 )g octahedra in these 
Tutton salts, which may be helpful in understanding this 
observation. 

On the other hand there are certain interesting but 

2+ 

distinct features observed in the BPR of iin in OPSII and 
Fi'JiH, where the host ions are rapid-relaxers (to the lattice). 
These additional features are unusual and typical widths of 
Mn^”*” resonance lines at 300 K and at 77 h. We will now discuss 
the Mn^"*" linewidths in ZPSH, MPSH, GPSH and PPSH. 
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MgI{; 2 (S 0 ^) 2 . 6 H 20 sMn^'^ and Zn]i 2 ( SO^ ) 2 * 6 H 2 O ; 

EPR studieB in Tvin^"^ doped MPS^r and ZPSH at 300 K as 

2+ 

well as at 77 K show the usual features of Mn spectra in 

?+ 

diamagnetic hosts. Here the Mn linewidths at 300 h and 77 K 
are 'vllG- and 9 Oj respectively. This linewidth is mainly 
due to the local magnetic fields of the proton nuclear moments 
in water molecules surrounding the magnetic ion in the form 
of a distorted octahedron. The BPR studies in some hydrated 
crystals have shown that this linewidth can he reduced by a 
factor of about 1/3 in dcuterated crystals. Further the 

intensity ratio among the different fine structure groups is 
found to be in accord with what is demanded by theory i.e. 
5 ! 8 : 9 ; 8 : 5 - 

Coh 2 ( 30^)2* 6 ^ 2 ^ ' 

EPR investigation of Mn^”^ doped CPSH single crystals 
has been carried out to observe the effect of the rapidly 

2'f' Tl 

relaxing paramagnetic host Kramers Go ions on the EPR of 

24 - 

From a comparison of the EPR results of Mn in GPSH 
with those in isomorphous diamagnetic MP3H and ZPSH hosts, 
following differences have been observed; 

(1) The widths of Mn^"*" resonance lines in GPSH are much 
larger ( -v 20 G) than those encountered in ZPSH and MPSH 
hosts ( -x- 11 G) « 
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(2) A comparison at 500 K of the EPR spectrum of Mn^"*” in 

CPSjtI with that in MP3H or ZPSH shows that the linewidths 

associated with various fine structure groups show an unusual 

variafion (sec iig. V-2) . Table Y-2 lists the linewidths of 

various fine structure groups of the EPE spectrum of Iln'"'' in 

CPSn for the Zeeman field, H, along the Z-axis of one set of 
2 + 

equi valent Mn complexes. It is cloa 3 ’ from the abovo data 
that the linewidths increase as we go from outer fine structure 
groups towards the centra.1 group. The linewidths for the 
central group (+ l/2-<-^ -1/2) could not be measurod accurately 
duo to the overlap of the spectrum due to the second magnetic 
complex. However, these have been estimated to be larger 
tba^i the widths for the + 5/2-«-»-+ 1/2 fine structure groups. 

(3) In CP3H the widths of all the resonance lines 

increase rapidly on lowering the temperature of the crystal 
and a completely broadened out spectrum of Mn is observed 
at 77 K (see Pig. ¥-3). On raising the temperature again 
tho well resolved spectrum reappears indicating that the 
smearing out of the spectrum is due to increased linewidths 
on lowering the temperature. 

2 + 

Similar observations have also been reported in Mn 
doped Co(GH^C00 ) 2-4H20 single crystals^^ (see Chapter I¥ also). 
As explained earlier the large linewidths are due likely to 
the fluctuating magnetic field created by the cobalt magnetic 
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Table V-2 

Linewidths of various fine structure groups of 
Jin Ooiuplex, for which HljZ, in GoxC^C bO^ ) 2 * 6 H 2 O 
and ]?eTC 2 ( S0__^ ) 2 * 6 H 2 O Tutton salt single crystals 
at 300 

linewidths in gauss Line''7idths in gauss 
Crystal ^ 5 / 2 ^ + 3/2 for + 3 / 2 ^ + l /2 

fine groups fine groups 

CrSH 18+2 22+3 


FPiJH 


22+2 


26+3 
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momtints. iurthor , the unusual variation of linewidths with 

various fine structure groups may be due to an unequal 

influence of exchange interaction upon the various aM = + 1 

2 + 

transitions of Mn . The highly temperature dependent behavior 

can be ascribed to the presence of fast relaxing Co^"*” ions. 

The characteristic increase of Mn resonance linewidths on 

lowering the temperature in GPSH indicates that host spin- 

lattice relaxation narrowing is operative. As a consequence, 

2 + 

the spin-lattice relaxation time T^ of the host Go ions can 

2+ 

bo calculated from the linewidth of the impurity, Mn , Using 

24- 

the expression (11.43), Tj|^(Co ) in GPSH is estimated to be 

—11 2+ 24 23 

'^10 sec, of the same order as for Go in other salts. ’ 

2+ 

The linewidth of Mn , used for these calculations, has been 

taken as the average of linewidths of all the fine structure 

2 + 

groups for H along the Z-axis and the g- value of Go is 
taken to be 4 . As the unit coll parameters for GPSH are not 
known, those for MPdH have been used for tne cnlculation of n. 

PeK2( 30^ ) 2- 6H2O JMn^^ 

Bi'R of Mn^'*’ in PP5H single crystals has been studied 

for the first time a,t 300 K and at 77 K to observe the effect 

2+ 

of the rapidly relaxing paramagnetic host non-Era,mers Fe 

2+ 

ions on the para.Taagno'tic resonance of Mn . Purthermore "the 
Pe^'^ ions in FPSH are accessible to study by microwave reso- 
nance onl3^ through “their effect on inipuriiy spectra because 
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■fcheir study Toy EPR has been discouraged due to large crystal 

26 

field splittings. Prom a comparison of the BPR results of 
2+ 

Mn in PPSH with those in isomorphous diamagnetic MPSH or 
ZPSH hosts at 300 K and at 77 K, the following differences ha.ve 
been observed: 

(1) The widths of Hn resonance lines at 300 K in PPSH 
are larger ( '^ 28 &) than those encountered in ZPSH and MPSH 
hosts ( -v 11 G) . 

(2) The linewidths associated with various fine structure 
graups, for H along the Z-axis, increase as we go from outer 
fine structure groups towards the central group (see Table V— 2) 
Jiere again the linewidths of the central group could not be 
measured accurately due to the overlap of the spectrum due 

to the second complex. However, these have been estimatea to 
be larger than those for the + 3/2 1/2 fine structure 
groups. 

(3) The widths of Mn^'*' resonance lines on lowering the 
temperatuK of the crystal arc found to decrease from ->.28 5 
at 300 K to '^'20 G at 77 K. 

(4) The linewidths of Mn^’*' at 77 K show magnetic field 
dependence. A mono tonic increase of linewidths with the 
Zoomsn field can be seen In Fig. Y-3 (see also Table Y-3). 
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Trlle Y-3 

Ihe leem£u\--fielcl intensity (H) and the corresponding 

s 2+ 

liiieT/.'ir' th ( ah.) of Mn resonance lines for H j ] Z in 
Peh 2 (id 04 )p. 6 H 20 at 77 iC. 


h (gauss) 

AH (gauss) 

13 24 

13+2 

1526 

14+2 

2105 

15+2 

24 9o 

18+2 

3356 

19+2 

4047 

21+2 

4 404 

21. 5 + 2 

4 935 

22+2 

5275 

23 t 2 
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The above observations in Ferrous host have been 

reported for the first time. No such observations were 

2+ 

reported in an earlier EPF study of Mn do'’)ed in 
Fe(hH^) 2 (S 04 ) 2 * 6 H 20 (FASH) single crystals. The reason may 
be the small value of ’ D' due to which there will be a large 
overlap of the lines due to the two complexes even along the 

2-f 

Z-ajxis. A careful study of Mn spectrum along the Z~axis in 
FASH reveals the presence of fea.ture (2) of FPSH. However, 
the Mn^"^ linewidths in FASH axe quite small ( 10 G- at 300 h) 

and show practically no magnetic field and temperature depen- 
dence from 300 K to 77 K. 

There may be two causes for the observed resolved EPR 

spectrum of Mn^"^ in FPSH; (l) ra^pid spin-lattice relaxation 

of Fe^"*" ions and/or (2) large initial splitting of Fe ions. 

Cause (l) can explain narrow linos at 300 K for Mn in IPSH 

just as explained above for OPSH and earlier in Chapter II-C 

under host spin-lattice relaxation narrowing. However, on 

^ -1 24- 

lowering the temperature the spin-lattice relaxation or ±e 

2 -+- 

must become slower and should result in an increase of Mn 
linewidths. But our observations show that the llxi lines 
in FPSH become narrower as one goes from 300 K ('^>28 0 ) to 
77 K ( '^ 20 0-). Therefore, either there is no appreciable 
change in Fo^'*' T-^ on going upto 77 K or cause (1) is not 
effective in FPSH. For cause (2) the theory has been 
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olaborated "by Moriya ot al,. They have considered those 
paramagnetic host ions (e.g. Ni^'^ and for which the 

degeneracy of the spin-multiplet is completely lifted in 
the presence of an orthorhombic crystalline field and the 
spin moments arc 'quenched' in the absence of the external 
magnetic field. itirther the spin operator han no diagonal 
elements and thus there is no contribution to the linewidth 
of foreign ion (i.e. Mn ). On the switching of the external 
magnetic field, magnetic moments are induced on the ions 
owing to the polarization effect. These moments will con- 
tribute to the linebroa.doning of the foreign ion. This also 

yields the field dependence of the linewidth. However, the 

2+ 

temperature dependence of Mn linewidth in FPSH is expected 
only below liquid helium temperature, whereas an appreciable 
namrowing ( a. 8 g) ^ with decrease of tempera.ture from 300 K 
down to 77 has been observed in our experiments. The width 
of Mn resonance linos in the corresponding diamagnetic 
hosts decreases from a, ii G at 300 IZ to a. 9 g at 77 K. The 
decrease in linewidths due to freezing of thermal vibrations 
on going to 77 K is thus expected to be only % 2 G and can 
not explain the observed decrease of v 8 G in P?S£. Thus 
the cause for this narrowing of lines on lowering the tempe- 
rature is not clear. In addition our experiments in PPSH 
2+ 

doped Mn show a mono tonic increase 


of linewidth with applied 
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2 + 

field at 77 K. We have also reinvestigated PASH doped Mn 
single crystals at 77 K to check this field dependence of 
linev/idth. Practically no field dependence has been observed 
in PASH. 

It is thus clear that the mechanisms, discussed above, 
are insufficient to explain all the observations regarding 
linewidths in Mn" doped PPSH single crystals. However, it 
is certain that these mechanisms contribute to linewidths but 
the discrepancies in the experimental and the theoretical 
results sug;>est the presence of some other mechanism contri- 
buting to the linewidth of Mn^"*" in PPSH which should explain 
the narrowing of Mn resonance lines on going from 300 K to 
77 K. 

(b) in iMi( ) 2( SeO^ ) g. 6H20(NASeH) : 

BPR of Mn^**" has been studied in NASc-H crystals for 

2 + . 

tlio first time. A comparison of our EPT; results of Mn in 
rlAbeii with those in diamagnetic and isomorphous 
Zn(NH^) 2(5604) 2* 6H2O Mg(HH4)2(5e04)2«6H20 single crys- 
tals'^ reveals no appreciable differences in the general 
properties of the complexes. Prom these nearly seme 

general properties of the iln^'*' complexes, it can be qualita- 
tively concluded that the ligand coordination around the 
divalent cations is almost the same in all the three cases. 
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The additional features observed in the SPR of Mn^ 

7 — Q OP, 

in MAJcJeH from those in other diamagnetic Tutton salts 
can be suiiumarized as follows: 

2-f' 

(1) The widths of Mn resonance lines sbovj a magnetic 

iield dependence. A mono tonic increase of linewidths with 

the Zeemcn field can be seen in Fig. V-5. Table V-4 lists 

the Zeeman field intensity and the corresponding width of 
2+ 

Mn resonance lines in tiASeH. 

( 2) A large anisotropy in Mn^"*" linewidth is observed in 
the LPE of Mn^"^ in NASeH. In addition, a complete broadening 
and disappearance of Mn^'‘‘ spectrum is observed for Zeeman 
field, H, making an angle of 56^ + 5° from the Z-ajeis in 
the ZX plane, as can be seen in Fig. V-5. 

o I 

(3) The g^-valuc of Mn in FASeH shows a negative shift 

fron its value in diamagnetic Tutton salts, where it is 

T 8,9,28 

either equal to or greater than the free spin value. 

Observations (1) and (2) regarding the linewidths can 
bo explained qualitatively in terms of the spin quenching 
idea. As described in Chapter II-G about spin-quenching 
and hosts, lASei-t crystal is suitable host for the 

study of EPR of Mn^"^ and the observation of the sharp SPR 
spectrum of Mn^"*" in NASeH at 300 h indicates that Ni spins 
are quenched. Further the field dependence of Mn^"^ linewidths 
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Table Y-4 

The Ze emr.n-f ie Id intensity (H) and the corresponding 
linewidth ( A H) of Mn^"*" resonance lines for hjjZ in 
iH(NTI^)2(aeO^^)2-6H20 et 300 K. 


H (gauss) 

1988 
2070 
2250 
2684 
3050 
3341 
3730 
4103 
4433 
46 23 
4836 


aH (gauss) 

15.0 + 2 

16.0 + 2 

16.5 i 2 

17.5 ± 2 

19.0 + 2 

20.0 + 2 
21 . 0+2 

23.0 + 3 

26.0 + 3 
27. C + 3 

28.0 + 3 
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24 - 

is obvious since the magnetic moment of hi ^ given by 
in Chapter II-C and Eq. (11.44), is field dependent. In 
principle, the field dependence should give the information 
whether or not a narrowing process is operative because the 
field dependence should be quadratic 'v/ith narrowing and 

24 

linear without narrowing. But our data of Mn linewidth 
could not fit very well to either of the two foms, implying 
the existence of some intermediate case. 

The anisotropy of Mn^”*" linewidth (observation (2)) is 

2+ 

a result of the fact that the magnetic moment of Ni , 

is a function of field orientation. This anisotropy has been 

2 + 

q escribed in detail in Chapter II-C for the case of Mn 
doped NASH and NPSH Tutton salts. 

Finally we describe g^-shift (observation (3)). It can 
be explained to be duo to the internal magnetic field at the 

24 

site of Mn^'^ ions, caused by the moments induced on Hi 
spins due to the polarization by Zeeman field. This additional 
field shifts the resonance from its ’isolated' value, i.e. 

P4 28 

the value in the absence of Ni^ spins. Similar observa- 

23 29 

tions have also been discussed elsewhere. 

In oonoluBion, all tHe additional features in the BPS 
of Mn^* in UASeH can be attributed to hosts. 
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CHAPTER 71 


ELECTRON PAB-AMAGI^TIG EECONANGL CTULY OP Mn^'^ IN 
ZnS04.7H20‘'' AND G0GO4.7H2O SII7GLE CRYSTALS 

ABSTRACT 

EPR of doped in ZnS04,7H20 and CoS0^.7H20 single 

2 + 

crystals has been studied. EPR study of Mn in ZnS0^.7H20 
r-t 300 K shows the presence of four ma,gne tic ally inequivalent 
hn^"^ complexes corresponding to the tetramoleculax unit cell 
of ZnS04.7H20. In the case of Mn^"'’ doped C0SO4.7H2O two 
different types of crystals have been obtained, which grow 
in two different temperature ranges about 298 K. The two 
types of crystals exhibit different numbers of magnetically 
inequivalent Mn^”^ complexes. Purther the spin-Hamiltonian 
parameters for the Mn^”^ complexes in the two types of crystals 
are different. The spectra in both types of crystals show 
unusual linewidth variations and g-shift which are attributed 
to fast relaxing Go^"^ ions. To illustrate the use of 
impurity probe to measure extremely fast spin-lattice rela- 
xation time, T^ of Co^"^ in Co50^_.7H20 is estimated from the 
observed linewidth of the EPR spectrum of in single 

crystals of CoSO^ . 7 H20* - 

t The study on ZnS0..7H20 is to appear in Phys. Stat. 3ol.ibl_7S 
No. 2 (Dec. 1976). 
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Ilil'RODUCTION; 

lleptahydrate sulphates of Oo^'^ and 

2~i“ n 

Fe do not form an isomorphous series of crystals. Out of 
tjiese, heptaliydrate sulphates of Mg^'^ and are 

orthorhombic and isomorphous, while hepta.hydrate sulphates 

24- 2+ 

of Co and Fe are monoclinic but not isomorphous. EPR 

studies of Zn30^.7H20 crystals doped with Go^'*' and Ou^"^ 

1 - P 

were reported by Bleaney et al. and lasthurirsngan et al. , 

respectively. Date"^ observed the EPR of Mn in CoS0^,7H20 

and reported a shift in the resonance lines. Janakiraman 

et al.^ studied doped JMiS 0 ^. 7 H 20 and MgS0^.7E20' crystals 

c 2 + 

by EPR technique. Sukle et al. reported the EPR of Tin in 
anhydrous ZnSO^ crystals. EPR studies of pure CoS0^.7H20 

and Mi30^.7l-i20 crystals were carried out by Bleaney et al.^ 

6 

and Ono , respectively. In this chapter we present the 
result!, of our LP-i. studies of dciad in Zn.l0^.7H20 bxi 6 

Co 30^. 7^20 single crystals. 

CRfiPA-b STRuCTQRBj 

The crystals of Zn30^.7H20 5 , MgS0^.7H20 and H'iS0^.7H20 

7 

are isomorphous with orthorhombic unit cell 'symmetry. The 
unit cell contains four for'oiula units related by the spa.ce 
group operation ^2^2^ 2^^. The unit cell dimensions for the 

. . 7 

sulphate heptahydra.tes of zinc, ma^gnesium and nickel aie. 
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Zn304.7H20 : 

a = 11.779 


b = 12,050 i 

c = 6-822 

% 

Mg30^.7il20 s 

a = 11.91 

i 

b = 12.02 i 

c =6.87 

i 

Hl.iO 4 . 7 H 2 O : 

a = 11.36 

i 

b = 12.08 i 

c =6.81 

i 


i'or the space group operation 12^2^2-, , the atoms and 
molecules are in the general positions j 

(x,.y,z); (z,y,z + l/2)} (x+l/2, l/ 2 ~y , 2)5 
( 1/2 - X, ,7 + 1 / 2 , 1/2 - z) 

Bach divalent cation is surrounded hy six water molecules, 
1120(1) ~ H20(6), at distances ranging from, in case of 
li.30,, .7h„0 , 1.93 - 2.40 The seventh water molecule, 

fl20(7)> ie not coordinated with the cation, but instead 
fills vrha.t would otherwise be a void in the structure. 

To th>. best of our knowledge the detailed crystal 
structure da.tri for CoS0^.7H20 is not available. Preliminary 
work has shown that the emit cell of 0oS0^.7H20 is monoclinic 

( spacG group 02j^'^) witii sixteen molecules, nowever, the unit 

8 

cell dimensions are not given. Also Ponnay et al. mention 
otiier possible structures with different number of molecules 
per unit cell, imanthanaroyanan'^ has indicated the presence 
of fairly strong hydrogen bonding in GoS0^.7H20 by observing 
tho lowering of 0-H Raman frequencies from the traditionae. 
value of 3650 cra“^ to 3050 cm"^. In his thesis, he mentions, 
based on the preliminary and unpublished work of Mani, that 
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Go30^.7Il20 belongs to monoclinic class, space group or 

ha.ving eight molecules per unit cell witn a = 14.05 2., 

b = 12.85 ij c = 11.04 2 and (3 = 105°24’ . Bi’R results of 

Bloancy et al.^ in undiluted GoS0^.7R2® showed the presence 

2 + 

of two intjqui valent Go sites per unit cell. 


Th^ crystals of ZnSO^ . 7H2O ;f4n^''' grew as prismatic 
needles along the c~axis with prominent faces m(110; and 
m’(llO), consistent with the morpholog^f reported in the 
literature.^ In the case of GoS 0^.7H2 Bj types of doped 

crystals '^rere obtained, which were morphologicpl.ly different 
and were found to grow in two different ranges about 298 if. 


Type I (CoSH(l)) crystals grew at temperatures below 298 K 
and wore prismatic with hexagonal bases, while type II 
(Co3il(Il)) grew as rectangular needles above 298 K. Once 


grown, the two forms of G0SO4.7H2O crystals were found to 
bo stable at temperatures both above and below 298 L and 
also did not transform from one form to the other. 

L:h8UlT'5 ihlD IIGG’JSSIOjI; 


Eiil spectra of Mn^'^ in heptahydrate sulphates of Zn 


^"T 


and Co 


. 2 + 


3 how no 


similarity and will, therefore, be discussc-d 


separately. 
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ZnS04.7H20;Mn^‘^: 

2 + 

Aagulax variation studies of lin spectra in 

ZnS0^.7H20 crystals have been carried out at 500 X. These 

studies show the presence of four equivalent, but differently 

2+ 

oriented, magnetic complexes due to the substitution of I-In 
2"l” 

for Zxi sites in tho tetromolecular unit cell of ZniS0^.7H20 

2+ 

crystals. fig. VI- 1 shows the EPR spectrum of Mn in 
Znb0/,.7H20 at 500 K for H along the Z-aris of one set of 
equivalent Mn^"^ complexes. The Z-azes corresponding to the 

Ojl 

four Mn complexes have been determined. The Z-axis of 
each Mn^"*" complex in ZnS0^.7H20 makes angles of 50 + 5 , 
55+5° and 55 + 5° with the Z-axes of the other three com- 
pluxos. As reported earlier,"^ the direction of Z-axis in 

2-f 

jU30..7H20 coincides with the line joining Mn and the 
H2O molecule at the shortest distance from Ni , viz. H20(5). 
Ixi the absence of detailed crystal structure data for 
Znu04.7h20, it is not possible in the present study to relate 
tho Z-axis with the waters coordinated to tho cation. The 
EPR spectra of Mn^"^ in ZnS04.7H20 can be described by a spin- 
Hamiltoniaii of orthorhombic symmetry. The Mn spectra have 
boon analysvjd to give the best-fit parameters, listed in 
Table VI-1 alongwith those for the isomorphous heptahydrate 
sulphates of Mg^-" and ITi^-^ for comparison. A comparison of 
the EPR results of Mn^'*’ in ZnS0^.7H20, MgS0^.7d2^ 
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set of equivalent Iin2+ complexes. 
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I'lxoO^^.THgO crystals rex-oals rxo appreciable differences in the 
general properties of the magnetic complexes ^ vxz. the 
strengtJi and the symmetry of the crjj^stalline field st Mn^"^ 
sites, the anglos b'^tween the _Z-axes etc. From the fact that 
the crystal field parameters, ’ D’ and 'S', in these three 
iiomorpnous crystals are nearly the same, it can be quali- 
tatively coixcludec that the ligand coordination around the 
divalent cation is almost the same in all the three C8.ses. 

The observed small differences in ’ D’ and ‘B’ may be due to 
the small differences in distances of water molecules from 
the cations in the three cases. Further, for the Mn^'*’ in 

Ojl 

Zn 30^ . 7x120 s the observed widths of I'Jn resonance lines are 
10 fj. This linowidth is mainly due to the local magnetic 
fields of the proton nuclear moments in water molecules 
surrounding the magnetic ion in the form of a distorted 
octahedi’on. 

OoOO^ . 71I2O I 

The angular varialion studies of the BPF spectra of 

2+ 

xhn have been carried out in the doped crystals of OoSH(l) 

a.nd Co3H(lI) at 300 K. These studios in GoSH(l) crystals 

2+ 

Sxiow the presence of two thirty line Mn spectra indiesling 

2+ 

the presence of two magnetically inequivalent Mn complexes 
per unit cell. Whereas, the angular variation studies in 
CoSH (II) crystals show only a single thirtw line Ifc/ 
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pJL 

spectrimif indie filing that all the Mn complexes in the unit 

cell are equivalent. The EPE. spectra of Mn^"*" in OoSH (I) 

crystals for il along the Z-axis at 300 K and 77 E are 

2 + . 

shown in Pig. VI- 2. The corresponding spectra of Mn in 

24 - 

CoOH (ll) crystals are shown in Pig. VI -3. The Mn spectra 
in CoSH (II) at 300 E for H along the X and Y axes are 
shovm in Pig. VI-4. In tho case of CoSH (ll); Mn crystals, 

O 1 

the Z-axis of Mn spectrum has been identified to be along 
tho needle axis. The Mn^"*" spectra in CoSH (l) and CoSH (ll) 
crystals can be described by a spin-Iianiltonian of ortho- 
rhombic symmetry. The best-fit parameters, obtained from 
the spin-Iiamiltonian analysis of the spectra, are, 
for CoSH (I) Mn^"^ 

g = 2.0008 + .001 P = (458.8 + 2) x 10 cm 


B 

= (-133.6 

+ 4 ) X 

10-4 

-1 

cm 

a = 

(1.9 

± 

2) 

X 

1 

o 

H 

cm' 

A 

= (-85.9 

+ 2) X 

10"4 

-1 

cm 

B = 

(-37 


2) 

X 

l 

O 

H 

cm 

for CoSH (II) ; 

/r 

I'ln 











= 1.996 + 

.001 

D 

= (234 + 

2i X 

10' 

-4 

cm" 

-1 


B 

= (-18.6 

+ 3) X 

1 

a 

H 

-1 

cm 

a = 

(-4.7 

+ 

, 2) 

X 

10-4 

cm 

A 

= (-85.7 

+ 2) X 

10-4 

-1 

cm 

B = 

(-86 . 

7 

+ 2)z 

10-4 

cm 


The BPR spectra of Mn^’*' in CoSH (l) and CoSH (II) 
crystals show some unusual and interesting features both at 
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300 K and at 77 K. Those features are saaie for both types 
of crystals and can bo summarized as follows: 

(1) At 300 iO the linewidths of Mn2+ ar^o larger ( -v 36 0 in 
Co on ^,1) axic -v 33 q Go OH (II)) compared to those normally 
encountered in hydrated diamagnetic hosts e.g. 'u 10 a in 
Znb0^.7H20. 


( 2 ) fhe widths of Mn^'*' resonance lines associated with 
various fine structure groups show an unusual variation at 
oOO K a.s well as at lower temperatures. The linewidths of 
various fine structure groups for H along the Z-aris of 

<r 2+ 

mn complexes sre given below in Table 71-2. 


Ta.blc 71-2: Linewidths (in gauss) of various fine structure 

2Hh 

groups of Mn complex, for which hHz, in two 
forms of GoS 0^.7H20 at 300 K. 



Fine 

groups 

Linewidths in 
GoSII (I): Mn2f 

Linewidths in 
CoSH (II): I'In2+ 

± 

5/2 ^ 

± 3/2 

33 ± 3 

28+2 

4* 

3 /2 

± 1/2 

40 + 3 

34 + 3 

■+ 

1/2 ^ 

- 1/2 

“ 

38 ± 3 


The linewidths increase on going from the outer fine struc- 
ture groups towards the central group. In CoSH (l) the 
linewidths for the central group could not be measured 
accurately due to the overlap of the spectrum due to other 
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complex. Ho'we'V'''r , these have been estimsted to be larger 
than those for + 3/2 + 1/2 fine groups. In GoSH (II) the 

linewidths of the central group could be measured uinambigu- 
ously because of the presence of a single complex and have 
been found to be larger than those for the outez fine structure 
groups. 

(3) The ’..'idths of aJ.l the Mn resonance lines increase 

rapidly on lowering the temperature of the crystals. The 
2+ 

Kn spectra get completely broadened out at 77 K. On raising 
the temperature to 300 again the well resolved spectra 
reappear indicating that the smearing out of the spectra at 
77 K is duo to increased linewidths on lowering the tempera- 
ture , 

(4) The Mn^"^ g^-values show a negative shift from the 
value, which is generfll^/ observed in the case of diamagnetic 
hosts. 

2+ 

As described in general for Mn in cobalt salts in 

Chapter II-C and for doped Go(CH^aoO) 2.4H2O and 

001 ^ 2 (^ 0 ^) 2* ^^^2^ crystals in chapters lY and Y, respectively, 

2-f 

the observation of sharp BPR spectra of Mn a.t 300 K in 

CoSH (I) and CoSH (ll) crystaAs can be explained in terms 

of host spin-lattice relaxation narrowing process. In addition, 

2+ 

tliis narrowing process also explains the increase of Mn 
linewidths on lowering the temperature of crystais 
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( obGorvption (3)). Besides, obscrvption (3) also confirms that 

iiajrrowiii^ at 300 K is due to host spin-lattice relaxation 

narrowin,> further, as described in Chapter II-C and applied 

in Chapters 17 and V for cobalt salts, the observed line- 
2+ 

vj-idth of Mn in such a system, where host spin-lattice 

relaxation naJ'rowing is in effect, can be utilized to estimate 

the host T^. Thus using the expression for T^ of Co^"^ 

(Eq. 11.43) and the observed linewidths of Mn^"*", T^^ of 00^"^ 

-12 

in CoS 0^.7H20 has been estimated to be 1.1 x 10 sec. 

In the absence of structure data for the two forms of 

Co30^.7Ii20, Tj^ has been estimated by taking average value 
2+ 

of Mn linewidths for the two forms and n has been calculated 

2+ 

using the unpublished data of Mani. The order of T^ of Co 
is found to bo quite satisf -^ctory , as on extrapolation to 
300 K the data of Zvorov et al.^^ for two Co^**" sites in 
AI2O5 give T3_ = 3 X 10“^^ sec. and 3 x 10“^^ sec. and the 
data of Pr.vco^^ for 00^"^ in MgO gih-e = 1 x 10“^^ sec. 

Next observation (2) about the unusual variation of 

Mn^"’’ linewidths with various fine structure groups may be 

duo to the unequal influence of exchange inters-ction upon 

24 - 

various AM = + 1 transitions of Mn . 

In the end observation (4) regarding the shift in 

the g -value may be explained to be due to the local static 

^ 2 - 4 - 24 - . 

maignctic field created at Mn sites by the host Co ions. 
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2 + 

Thxs causes the shift in hn g-valae from its value when the 

o j Oj_ 

diamagnetic divalent cations (e.g. Zn or Kg ‘ ) are present 
2+ 

in plaro of Go 

In conclusion, two different types of crystals of 
Go 30^ . 7il20 ;Mn ■ have been obtained, which grow in two different 
temperature ranges about 298 K. The main differences in the 
I'ln^'*’ hpfi. spectra in these two types of crystals are: 

(1) A large value of the dominant crystal field parameter 

'D' in GoSH (l) (458.8 x 10“^ cm“^) compared to that in 
GoSi[ (II) (234 X lO*"^ cm~^). Also the magnitude of rhombic 

_4 _1. 

component *"6^ quite large in OoSH (I) ( 1^3*6 x 10 cm ; 

compared to that in OoSH (II) ( 18.6 x lO"^ cm"^). 

2+ 

(2) A difference in the number of inequivalent Vki complexes 
per unit coll. 

Those studies indicate the existence of two forms of 
CoSO^.THgO with different crystal structures. However^ at 
proisont no such information is available in the literature. 
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CHAPTER 711 


ELECTRON PAEAMAGEETIC RBSORANCE STUDY OP DOPED IN 

HEZAQUO NITRATES OP MAGNESIUI'i AND NICKEL 

ABSTRACT 

2 + 

EPR study lias been carried out in Mn doped single 
crystals of hexaquonitrates of magnesium and nickel, 

Mg( 0112)^ . ( NO^ ) 2 Ni(0H2)g • (NO^ ) 2» Sit 300 K and at Z-band. 
Mn^"*" substituting for Mg^"*" in Mg(0H2)g • (NO^) 2 ezbibits two 
identical, but differently oriented, magnetic complexes, 
whose Z axes make an angle of 15° ± 1° with each other in 
ZX plane. Besides the allowed ( AM = + 1, Am = 0) transitions, 
forbidden hyperfine ( AM=+ 1, Am=+1 and Am - + 2) 
transitions have been observed for H along the K3_ and K2 
axes. Prom the doublet separations of the forbidden hyper- 
fine transitions, the quadrupole coupling constants for Mn 
in this system are calculated. However, doped 

Ni(OH2)6*(M03)2 crystals exhibit ond.y one single tliirty line 
spectrum indicating the equivalency of two Mn^^ complexes 
per unit cell. The EPR spectra have been analysed using a 
spin-Hamiltonlan of orthorhombio symmetry to get the hest-flt 
parameters. These studies reveal that the t„o orystals are 
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not isomorphous and that the site symmetry at the cation 

sites is very low. Besides, EPE of in ITi( 0H2)g . (NO^) p 

shows additional features viz. g-veJLue shift and anisotropic 

24 “ 

and field dependent line width of Mn . These are attributed 

2+ 2+ 

to the magnetic interactions between Mn and Hi ions. 
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INTRO DUO TIOE ; 

Hexaquocstions of divalent metals are the most common 
complexes considered in coordination -compound chemistry. One 
would expect ions of nearly similar size and properties such 
as Mg , Mn , Co , Ni and Zn^"^ to form isomorphous 
series of compounds containing hexaquocations of these ions 
and a particular anion such as 01“ , S0^^“, N0^“. The 
hexaquocations in these compounds are assigned octahedral 
structure, but small deviations from perfectly cubic symmetry 
are expected either hecause of the electronic configuration 
of the metal ca-tion or because of the strains from the 
hydrogen bonds in the crystal-s# However, the nitrates of 
hexaquocations of Mg^ , Go^, Ni^"^ and Zn^'*' do not 

form an isomorphous series. It is not clear yet if the 
differences are due either to different types of bonding 
of water molecules with the metal ion, or to the packing 
strains, or to other causes such as thermal energy state of 
nitrate groups. Some recent structural studies on these 
nitraitus have been carried out to understand howfar this 
fact is related to the distortions in the octahedral arrange- 
ment of water molecules aroimd the metal ion. However, the 
lack of mutual isomorphism of these nitrates has not been 
explained exactly. In addition, low temperature magnetic 
susceptibility^ and specific heat'^ measurements have been 
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co,rried out on lie xaquo nickel nitrate and the magnetic and 

thermal data, thus obtained, can be successfully fitted to 

2+ 

an orthorhombic spin-Hamiltonian for M ions with 
D = -6.07 cm“^, E = -1.86 cm“^ and g = 2.25. This Wue 
of ' D' is higher than the values reported for other hexaquo- 
nickel se.lt s and may be due to the lower symmetry environ- 

Ojl 

ment around Ni ions in hexaquonickel nitrate? most of the 

other nickel salts have an octahedral environment of water 

2+ 

molecules of almost cubic symmetry around M ion. The 

P-L. 

results of BPR study of Mn in the hexaquonitrates of 
nickel and magnesium, Ni(0H2)g. (1^0^) 2 snd Mg(0H2)g. (NO^) 2 
(hereafter to be referred to as HEiN and HMgN , respec- 
tively) , are presented in this chapter with a view to get 
information about the symmetry and strength of the crystal 
field at the cation substituted Mn^'*' sites and about the 
magnetic interactions between impurity Mn and Ei host 

ions. 

ORYSTiU. STRUG TUBE 5 

TI16 cpyst/pls of HMgW bxo monoc-Linic ^ spo-co 
'22j_/o with unit cell constants! a = 6.194, b = 12.707, 
c =6.600 % p = 92.99° and Z = 2. ^ The structure consists 
of hexaquomagnesium cations, which are centre symmetric and 
nearly octahedral with the distances, Mg-0E2, ©q^el ^0 
2.055, 2.061 and 2.065 i end the angles, H20-Mg-0H2, equal 
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to 91-3 , 90.7 and 90.4'^ » and the nitrato groups, TArhich 
are not trigonally symmetric with 1-0 bond lengths 1.20, 1.25 
and 1,26 %. The Mg(0H2)g'^ ions are bound together 

by hydrogen bonds whose lengths range from 2.75 - 2.90 %. 

The structure is shown in Fig. Vll-lCa). 

The HNiET crystals are triclinic, space group PI 

with unit cell constants? a = 7.694, b = 11.916, c = 5.817 % 

a = 102.3, p = 102.4, y = 105.9° and Z = 2.^ Here also the 

hexaquonickel cations and nitrato anions are joined by 

hydrogen bonds and form the network of the whole structure 

(see Fig. Vll-l(b)). The symmetry of the cation is nearly 

octahedral, deformed by an orthorhombic bipyramid, with pairs 

o 

of opposite distances, ITi-0H2 = 2.03, 2.07 and 2.09 A. The 
nitrato anions are not exactly trigonal*, they have, in both 
the crystallographically independent anions, two short 
bonds with average N-0 = 1. 23 S. and one long bond with 

H - 0 =1.28 i. 

The crystals of HMgN grew as prismatic needles 

along the c-axis, while those of HI'TilT grew as elongated 

8 

plates with ab plane as the plate surface. 

RESULTS iilTD LISCUSSIOH? 

EPR spectra of Mn^'^ in HMgH and HNiH crystals 
have been studied at 300 E. As the BPR spectra in these two 
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crystals show different features, except for a large value 
of the rhombic spin-Hamiltonian parameter 'B* , we will 
discuss them separately. 

Mg( OH 2 ) g . ( ) 2 ; 

From the angular variation studies of EPR spectra 
of Mn^'*' in Mgh, it is observed that there are two identi- 
cal, but differently oriented, Mn complexes per unit cell. 

2+ -u 

The principal axes of these two Mn complexes have been 
found by obtaining the extrema in the fine structure spreads. 
The two Z axes and two X axes of the Mn^”^ complexes have 
been found to be in a plane, perpendiculax to the prismatic 
axis. The angle between the two Z or the two X axes have 
been determined to be 15 + l'^* ^ axes are coinci- 

dent atid are along the prismatic axis. The SPR spectra of 
Mn^"** in MgR for H along the Z-axis and the X-axxs of one 

set of equivalent Mn^"^ complexes axe shown in Pigs. VII-2 and 5 

1 2 + 

respectively. The observed angular variation of the Mn 
spectra can be described by a spin-Ramil to ni an of ortho- 
rhombic symraetry. The Mn^ spectra along the principal 
axes have been analysed for the spin-Hamiltonian parameters 
using the method of exact diagonalization (described in 
Chapter II-B). The best-fit parameters, thus obtained, are 


as folio wss 



845 Gauss 



axis of one set of equivalent* :j:i‘ coraplexcr. 
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= 2.002 + 0.001 , = 2.003 ± 0.001 
D = ( -359 +l)xl0“^cm"^ E = (10 2 + 2) x 10”'^ cm“^ 

a = (6.5 ± 1) X 10"^ cm"^ A = (-89.7 + l)xl0“'^cm“^ , 

B = (-87 ± 2) X 10""^ cm~^ 

An £.xamination of these paraoaeters reveals the presence of 

very lov; symmetry (reflected by a large value of ’E’) and 

moderately strong crystal field (as reflected by the large 

value of ’D’) at Mn^'*' site. This is consistent with the 

2 2+ 

results of crystal structure studies for Mg site in 
HMgN. 

The two resultant magnetic axes, and K 2 » csn be 
defined midway between the two Z axes and the two X axes, 
respectively. EPE spectra of Mn for H along the ano 
the K 2 axes ano shown in Pigs. ¥11-4 and 5 respectively. 

Along these axes the Mn^”* spectra due to the two complexes 
coincide giving only thirty allowed lines alongwith forbidden 
hyperfine lines. Pig. ¥11-6 shows the allowed and forbidden 
hyperfine lines for H along the K 2 axis for the central fine 
group + 1/2^- 1/2. The analysis of those forbidden hyper- 
fine transitions has been carried out using the perturbation 
expressions of the doublet separations given in Appendix B. 
Prom this analysis the following values of quadrupole coupling 
constants for Mn^'^ in HMgE have been obtained: 

Qt = -0.16 s lO"'^ om'^, Q" = 1-65 ^ lO'"^ 



845 GAUSS 






Fig. ¥11-5 1 Thm EPR spBctrxm of in MgCOH 2 ) 
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Angular variation studies of Mn^"^ spectra in HNiF 
crystals show only one single thirty line spectrum. This indi- 
cates the equivalency of the two Mn^"^ complexes, arising from 
the substitution of Mn^'^ for Ni^'*’, per unit cell. The Mn^"^ 
spectrum for H along the Z-axis is shown in Pig. VII-7, and 
those for H parallel to the X and Y axes are shown in Pig. ¥11-8. 
The spectra have been analysed for the spin-Hamiltonian para- 
meters using an orthorhombic spin-Hamiltonian. The best-fit 
parameters, thus obtained, exe as follows s 

gg = 1.997 + 0.001 g^ = 1.998 + 0.001 

I) = (-384.2+1) X 10~^cm”^, E = (109+2) x 10“^cm"^, 

a = (7.5+1) X 10”^ cm”^, A = (-88.6+2) x 10~^cm~^, 

B = (-86.7+3) X 10”^ cm”^ 

Here again the large value of the rhombic component 'B' 

2+ 

reveals the presence of very low symmetry at the site of Mn 

2+ 

substituting for Hi in HEiH. In addition, the large value of 

’ D* reveals the presence of moderately strong crystal field at 
2+ 

Mn site. This is consistent with the results of crystal 

3 2+ 

structure studies for Hi site in HHiH. 

2+ 

Besides the above features of the Mn spectra regard- 
ing the ssnnmetry and strength of the crystal field, there are 

2+ 

additional features in HlTiHj Mn due to paramagnetic host 
2+ 

Hi ions. These are as follows? 




shown in the inset* 




fMn^'^inNi(0H2)e-(N03)2 

tN X Y,;ax'^s'- ' s,' , '' 


2+ 

(1) A large anisotrop.y in tlie widths of Mn resonance 
lines in HiliN crystals (see Pigs. VII -7 and 8). 

( 2 ) The widths of Hn^"** resonance lines increase with the 
Zeeman field intensity (see Pigs. YII -7 end 8 and Table VII-l). 
The mono tonic increase of I“In lineiwidths for H along the 
Z-axis is so fast that the tx7o high field fine structure 
groups are almost completely broadened out and are barely 
discernible (see Pig. VII- 7 ). Por H along the X-axis, the 
mono tonic increase is less faster and all the fine structure 
groups ar'c visible (see Pig. VII-8). 

( 3 ) The g-value of Mn^"^ in HHilT shows a negative shift 
from its value generally observed in diamagnetic hosts, 
e.g. in HMgNj Mn^. 

All the above mentioned observations may be attri- 

24 * 

buted to the magnetic interactions between Mn and host 

hi^"*" ions. Observations ( 1 ) and ( 2 ) can be explained q^ue.li- 

tatively in terms of the spin quenching idea, described in 

Chapter II-C and applied in explaining similar additional 

features for Mn^^ doped 2(5604) 2* 6H2O single crystals 

in OiiEpior Following ilio eaxlior discussion^ HKiif 

—1 6 

crystal, with D = - 6.07 cm“^ and E = - 1.86 cm , is 
suitable host for the observation of sharp BPR spectrum 
of at 300 K due to spin quenching. Purther 
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Table YII-1 

The Zeeman-field intensity (H) and the corresponding 
Linewidth (AH) of Mn resonance lines for hj [Z 
in Ni(OH 2 ) 5 . (N 0^)2 single crystals at 300 II 


H (gauss) 

aE (gauss) 

1555 

17.7+2 

1656 

18.5+2 

1753 

19.4 + 2 

185 2 

19.4 + 2 

1950 

20 . 2 + 2 

2049 

21.1 + 2 

230 5 

27.0 + 2 

240 2 

28 o 6 + 3 

2500 

30.3 + 3 

2600 

32.0 + 3 

2697 

32.0 + 3 

2795 

33.7 + 3 

3139 

47.0 + 4 

3 230 

48 . 8+4 

3526 

49.0 + 4 

36 28 

52.2 + 4 

3990 

57.0 + 5 

4074 

58.5+5 
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the field dependence of Mn^"*" linewidths is obvious since 

the magnetic moment of Ni’"^, given by (Bq. (11.44)) is 

field dependent. In principle, the field dependence should 

give infoimation whether or not a narrowing process is 

operative because the field dependence should be quadratic 

with narrowing and linear without narrowing. Similar to 

our earlier observations of Chapters IV and V here also 
2 + 

the lin linewidth data could not fit exactly to either of 
the two forms mentioned above implying the existence of 
some intermediate case. 

The anisotropy of Mn^'*' linewidth (observation (1)) is 

a result of the fact that the magnetic moment of 

‘“’’ins (®1*(H*44))5 is a function of field orientation. This 

anisotropy has been described in detail in Chapter II-C 

2 + 

and for the particular case of Mn doped Bi Tutton salts 
in Chapter V. 

Finally, the shift in g-value can be explained to be 

2 + 

due to internal magnetic field at the site of Mn ions, 

2+ 

caused by the moments induced on Bi spins due to the 

Q 

polarization effect of the Zeeman field. This causes 
2+ 

shift in ihi g-value from its value, when diamagnetic 

24 * 24 " 

divalent cations (e,g. Mg ) are present in place of Hi 


ions. 
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APPENDIX A 


IITEEATUEE SURTBI OP BPR STUDIES OP VARIOUS PARMAUKETIC 
IMPURITY IONS IN P/JtMAGNETIC HOSTS 


Impurity 

Host 

Mn^'*' 

.T. 2+ _ 2+ ^ 2+ , 

Ni ,Co ,?e and 

2+ 

Cu Tutton salts , 


CuSO^ . 5H2*^ 
NiSiPg.6H20 
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(NH^)2l^i2*^^°4^3 

Mn^'*' 

Ni(GIi^a00)2-4H20 

2+ 

Mn 

NiS0^.7H20 

2+ 

Mn 

(NH4)2Ni(S0^)2*6H20 
and il2Ni( SO^) 2* 6H2O 

_ 2+ ^ 2+ 
Cu ,Co 

and Ni^"^ 

NiSeO^ . 6H2O 

2+ 2+ 
Mn^ ,V^^, 

and 

Co2+ 

a-NiSO^ . 6H2O 

Mn^"^ 
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Ni( 0 H 2 ) 5. ( 1 ^ 03)2 
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APPENDIX B 

PBRTUP±5AII0N IfIBOEeilC BAPEEbGIONS FOR HP POPuBIDEEN 
DOOBLET SEP/HAIIONS IF THE BPR OP IN A 

GRYSTAIi FIELD OF ORTHORHOPIBIG smiETRY 


P * 

We consider the Mn ion in a crystalline field of 
orthorhombic symmetry. The spin-Hamiltonian is then of the 
form 


Ji = pH.g.S + D [a^ - ^ S(a+ 1 )] + E(s| - 3 p + I.A.S 

- y%h.i + «' r - 5 KI+D] + e" (i| - 

5 

where the symbols have their usual significance and S = •^ 

I = If the external magnetic field, H, is at an angle Q 
to the Z— axis - the principail axis of D — and the projection 
of E in the XY plane maRes an angle gi with the X-axis, the 
Hamiltonian can be written as"*" 




g(3 HS^-i + J E(5+l)j + dS^ + P b 

+ ^ ^ ”2" '** '^-^Z' ^ 

+ AS^jiIgi + ^ ^z' 


+ PCi^t - I 1(1+1)] 


+ G.l. Bir, Sov. Phys. Solid State 1628 (1964). 
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taking the z’ - axis along H. Here, 

= ^x' = 3^, - iSy, 

CT = ^ [1(3 Cos^ e - 1) + 3B Sin^ © Cos 2(^] 

P = J [1 Sin^ e + KOos^ © Cos 2(2f - Bln^gi) 

+ 2iB Cos © Sin 2(2(] 

X = Sin © [d-H Cos 20) Cos © + iS Sin 20] 

^ = '5 [Q'(3 Cos^ © -^ 1) + 3Q” Sin^ © Cos 20] 

In the above the hyperfine constant and the g-value axe 
assumed to be isotropic. The assumption is valid for many 
of the experimentally studied systems. 

The eigen values of the above Hamiltonian, with z* 
as the quantization axis and under the approximation g^H » IdI, 
1e i , {ij , to third-order perturba.tion are given by 

- J S(S+1)] + Mm 

2 

+ -jIp [m[M2-S(S+l)] + M[I(I+i) - 
- Y%Hm + - y I(I+-l)l 

+ —11 2 m [[m2_s(s+1)]2-m2] 

(2gfH)^ “ 
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1 I 

4- — Li]— 2B1m. [2I42+i_2S(S+1)] 

(gPH)^ 

+ — s [[S(S+l)-M(M+l)][l(l+l)-m(m-l)]( 2M+1) 

(2g|3H)^ 

- [S(S4-1)-M(M-1) J[ 1(1+1) -m(m+l)]( 2M-1)] 

3 

+ __i: ^ [[s(S+l)-M(M+l)][ 1(1+1) 

(2gPH)^ 

+ [ S ( S+1 ) -M( M-1 ) j [ I ( I+l ) -m( m+l ) ] ( M-m-1 ) ] 

lefore calculating the doablet separations we give a 
schematic representation of the allowed and forbidden hyperfine 
transitions in the electron paramagnetic resonance of Mn in 
an orthorhombic crystalline field, fig. B-1 s-'t "the end sho’^^s 
schematically the allowed and forbidden hf lines in the Mn 
spectrum for positive I) and for the external field H at an 
angle slightly away from the principal Z -axis. The thirty 
longer vertical lines correspond to the allowed transitions 
( am = + 1, Am = 0) and smaller vertical lines numbered 
from 1 through 50 correspond to the forbidden transitions 
am = + 1, Am = + 1 for the five groups (M-^ M-1) while those 
numbered from 1' through 8’ correspond to the forbidden ^ 
transitions AM = + 1, Am = + 2 in the group M = + | -"- 2* 

The relative positions and intensities of the lines in the 
figure are only qualitative. The identification of the 
forbidden hf transitions (lM,m> -»‘|M-1, m’ > ), for positive 
1 and negative A, is as follows s 

I 
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2) If, - 1> -> if, - i> 

4) !|, |> ^ 1|, 

6) 1|,- |> - 1|, - 
8 ) ^ 1 ^ > 

10) If, |> - !|, |> 

12) l|,- " i ^ 

14) l|,- |> -^ f4’ ■ 2 ^ 

2_5 ) !^s _2.> 

xd; I 2» 2 *2’ 2 
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Now. we calculate the doublet separations for the various 
fine structure groups. In the following the positive and 
negative D refer to the relative sign of D with respect to 
that of 1, which is assumed to be negative. 
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(I) M = + - I . 

(i) ADI = + 1 Transitions? 


Prom the eigen value expression given above we obtain, 

2 




1 


- B 


= gp + I (2m+l) - (m^+m+ f) 


5m+l> 


1 
2 = 


- Y%S + P( 2nri-l) + 


i^r 


( 2gPH) 


/ ^ P 

X 288 A (2m+l) - o 

(gpH)2 


16 A (2m+l) 


(2gpH) 


^ (2m^+3m^+ ^ m + 


Por B 


j llH‘l> 


- B 


^,m> 


= h. V , the H in the first term 


on the right hand side gives the field value at which the for- 
bidden transition 1^, irH-l> -»• > will occur. Denoting 


this field value by H ^ 


,m+l> ]- "^^m > 


and putting 


hv _ tt 

gp ~ o’ 


we have , 
H 


2D3rf-l) + ( m‘^+m+ 

r2 


A^ / „2. 


l^,nH-l> !- 


^ %> 




+ ( — §■) H-P(2m+1) 5 ” 72A ( 2im-l) 

Ip f a5 

+ 5 — 16A(2iiH- 1) - — p 


( 2m^+3m^+ ^ m + ^) 


X 
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where H in the denominators is also H n 

ji,iin-l> ->■ 1- 2 ,^> 

parameters A, a, p , X and P are now in gauss. 
Similarly, we get, 


and the 


H 


1 i,ni> 


— ^,mr+-l> 


- I (2m+l) + |g (m^+m - 

2 

+ P( 212+1) - 72A (PnH-l) 

sP f / 

2 2 
+ JfL 16 A ( 2m+l) - ^ 8 ( 2m+l) 


- (2m^+3m^ 

4H'^ 



Finally the 
&H 


doublet separation is given by, 

H — H 

l^,in+l> -*• i- ^,in > l^,m > -»-i - 


= ill! + 2 ( 1 ^) H - 2E(a«-l) + ^2 ( 2 nH-l) 

2H g p jj 

- ( 2m+l) . 

4^ 

To the first order approximation we replace H in the above by 
- I (2m+l). Then using the condition that » Ul the 
inverse powers of - | ( 2m+l) can be expanded. The final 
expression for doublet separations after neglecting small 
higher order terms is. 
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IH = 1I|! + 2(^1) H 

0 


1%, 
gp ' "o 


(2m+l)[2P- ^ £+(i^)A] 

Hr 


(ii) Am ar + 2 transitions s 


Proceeding as above, we get for the doublet separation 

AH = H ^ - H 

l-g,m+l>-*- 1- |,m-l> l|,m-l>-^[- ^ m+l> 


H 


+ 4(~) H - 8 Pm + 22^ ^ 671' 


H 


2 ^ ^ 7/3 

m - m 


H 


Replacing H by Hj^-lm to the first order approximation and neglect- 
ing higher order terms, we finally get, 


AH = . 4(I|) - 2m [4B - 2(^)A] 


h: 


h: 




(II) M = ■+ Am = + 1 transitionsj 

The doublet separations, obtained by using the expres- 


sion for E 

AH : 


lM,m> 

= -2A + 2(^) fi - 2P (2m-H) + ^ {2m + ^-) 

gp n 2 

- — ~ — (■^) A H- -y — 52A - {8-lOm) 

- ^ (3m^ + -^ m) 
H^ ^ 


Again to the first order approximation H in the above is 
replaced by H^-ao- |(2m4-3) or H^ -p 20 - ^ (2m-t-3) for positive 
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or negative D respectively. Substituting these expressions 
for H and recalling the assumption that » jl !, 1 e 1 , 1a 1 
we get the following doublet separations after neglecting small 
higher order terms; 


(i) Por positive D; 


AH = -2A + 2(^) Hq - 2P(2mfl) - (^) A + 


H. 


52A 


"2 2 ,3 

+ ~ (2m + ^) + ^ (l4nH-9) - ^ (m^+19m 

o ^ H H 

o o 


4 ^ 


(ii) For negative D: 


AH = -2A + 2(^) - 2P(2nH-l) {^) A 

2 

IpI ,2 nr, .2 


52A + ^ (2m + ^) - (14m+9) 


H 


H, 


h: 


^ (m2+i9m - 
^o 


(III) M = Am = +1 transitions; 

Here, we obtain for the doublet separation, 

AH = -2A - 2(-^) H + 2P(2m+l) (^) A 

2 ^ 

+ — — 52A + -^ (2m - ^ ) - ^ (10m + 18) 

H^ H 2 jj2 

. iZ (3ia^ _ M m _ 

2 wi-i 2 2 ^ 

H 


To the first order approximation we replace H by H^+2cr - ■^( 
or Hq- 2(J - ■^( 2m-l) for positive or negative D respectively. 
Substituting these expressions for H and proceeding as above 
the following expressions are obtained for the doublet sepa- 
rations i 


(i) For positive Ds 


YPtt 

&H = -2A - 2(-~) + 2P(2m+l) - 


(^) A 

H ^ 


2 2 

521 + #- (2m - U) - ^ (14m4-5) 


2 2 ' 2 
o o 


- (m^-17m - 3=^) 


H 


(ii) For negative Ds 

2 

AH = -2A - 2(~^) + 2P(2nH-l) — (^)A 


p1 


H 


2 2 

52A + |- (2m - ^) + ^ (14m + 5) 
o 


- ^ (m^-17m- i^). 

h: ^ 


(IV)M = Am=il transitions: 


In this case, we get. 
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AH = -4A+ 2(^) H-2P(2iih-1) ^ 

1 2 H ^ 

"h2 ^ ^ ( 8 m+ 18 ) 

H 

- ( 6 m^ + ^ m - 

H 2 4 ^ 

fiepl^ing H by H<,- 4 b - f ( 2 ^ 5 ) or H^+ 4 b- | (2^5) 
positlye or negative D rsapeotively and proceeding ae above 
we get the following expressions for the doublet separations 
(i) Hor positive Bt 


4 H = - 4 A + 2 ( 1 ^) . 2p(a»i) . ^ 




a2 .2 

* 56A + ^ (4m + ^) + A-£ (am,.8) 




P ( 2m -m~33) 

H 

0 

(ii) Por negative D: 

AH = -4A + 2(^) H^ - 2P(2m+l) - (^) a 


IpT 


H^ 


56 A + |- ( 4 m + ^) - ^ (8nH-8) 


H! 


- % (2m^-m-35) 
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(Y) transitions: 


The doublet separation obtained by using the expres* 


Sion for S 


!m. 


in> 


xs 


AH = -4A - 2(^) H + 2P(2m+l) - 

H 


T ^ 


56A + ^ (4b - |) 

H 2 g2 


( 2nH-10) 


- ^ ^ - if ) 


10 ' 


Again replacing H by + 4o - {2m-3) or - 4a - -1(2111-3) 

for positive or negative D respectively and proceeding as 
above, we get the following expressions for the doublet 
separations: 

(i) For positive D: 


Y PivT lx 

AH = -4A - 2 (-—) Hq + 2P(2iti+l) 

^o 

Ip I ^ 5 A^a 

+ 5 — 56a + ~ (4m - 4) 18m 

HI o ^ Hf 

0 o 


if) A 


- ^ ( 2m^ + 5m - 30) 

H^ 

o 
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(ii) Por negative D: 


AH = _4A -2 (^) + 2P(2irtM) - (^) A 


gp “0 
2 




0 


A^a 


+ - i £ . L . 56A + ^ (4m - |) + ^ ISm 


- ^ (2m^ + 5m - 30) 
H 

o , 


The above expressions for the doublet separations 
have been obtained by using perturbation theory and so will 
be valid only when g^H » [P } , |Ej and 1 a| . Thus the above 
expressions will be in good quantitative agreement with obser- 
vations only for systems in which ll>l , iBf and jA j are 
small and for situations when the external magnetic field is 
off only by small angles from the principal axes. 


M 


Our expression for Am = + 1 transitions in the group 
1 1 

= + ^ ^ agrees with the expression for Takeda'*' except 

• Yfe 


for the small term - (— rs) A( 2nrt-l) which we have retained. 


3 1 

In the groups M = + ^ our expressions agree with those 

of Takeda except for the last terms. To our knowledge no 

expressions are available for Am = + 1 transitions in the 

groups M = ± 2"^ i 2 Am = + 2 transitions in Ihe 

1 1 2 + 

group M = + ^ ^ ^ in an orthorhombic crystalline 

field. 


T. Takeda, J.Phys. Soc. Japan, _g,, 1314 (1967). 



